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The excitement of introducing a new material such as Cu to replace traditional
Al interconnects faces a variety of integration issues.  In particular, the rapid diffusion
of Cu through Si-based devices necessitates complete encapsulation of Cu
interconnects.  Electromigration and stress migration may lead to detrimental void
formation in interconnect lines or vias.  The above effects are further aggravated by
ineffective encapsulation of the Cu interconnect and weakened adhesion to its
surrounding dielectrics.
The realistic implementation of the barrier materials requires the ability to
control both the microstructure and resistivity without negatively impacting the
complementary property.  It is therefore beneficial to find a material, possessing
inherently low resistance as well as effective diffusion barrier properties.
Body-centred-cubic α-Ta appears to be a suitable candidate with both low
resistivity (12-60 µΩ⋅cm) and effective diffusion barrier properties due to its
thermodynamic stability with Cu.  Before, its implementation has been hindered, as
no direct method of deposition onto Cu substrates has been reported.  Therefore, in
this work, a novel synthetic scheme for α-Ta is presented.  Unlike the conventional
wisdom in β→α conversion, highly [110]-oriented nanocrystalline α-Ta has been
prepared successfully on "cool" Cu(111) template at <50oC without any redundant
underlayers or post-growth treatments.   X-ray diffraction, electron diffraction and
transmission electron microscopy techniques were used for microstructural
vcharacterisation.  In addition, atomic force microscopy and Rutherford backscattering
spectroscopy were used for thermal stability analysis.
Thin film adhesion properties are of significant importance to overall device
reliability.  The presence of interface impurities could weaken adhesion strength of
the contacting materials.  The presence of Cu oxide provides a source of Cu ions that
readily migrate.  Prior reports on NH3 and H2 plasma treatment focused mainly on the
physical phenomena that were observed.  Hence, in this thesis, the physicochemical
interactions of NH3 plasma treatment on partially oxidise Cu surface, with CuO, Cu2O
and Cu(OH)2 as the primary oxygenated species, is investigated and the associated
reaction mechanism discussed.  Quantification of adhesion strength was performed
with the modified-edge-lift-off test.  Secondary ion mass spectroscopy and x-ray















Technology roadmap (Semiconductor Industry
Association, 1997): Gate delay, interconnect delay and
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current.
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A schematic representation of 4 different classes of
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and amorphous diffusion barriers.
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interatomic diffusion between materials and (d)
mechanical - physical interlocking of materials.
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Chapter 1
Introduction to interconnect technology
As device dimensions shrink towards sub-micron technology nodes in the
quest for faster information access and exchange, the demand on the materials
employed in silicon-based devices is increasingly exacting.  The interconnect delay
(RC delay), defined as the product of the resistance of the interconnection (R) and the
associated total capacitance (C), is a critical factor in determining circuit performance
towards 100 nm dimensions [1].
R resistance of interconnect metal (Ω)
ρ resistivity of interconnect metal (Ω⋅m)
L,w,tm length, width and thickness of metal line (m)
C total capacitance of interconnection (F)
Κ dielectric constant of insulator
εo permittivity of free space (F/m)
L,w,tox length, width and thickness of insulator (m)
Fig. 1.1 shows the Semiconductor Industry Association (SIA) 1997
Technology Roadmap for changes in device related delays with decreasing gate














LRC ερτ int (1.1)
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respectively.  The relationship between device speed, gate delay and interconnect
delay are shown in equation (1.2).
Hence, the dominance of interconnect delay over gate delay for aluminum
metallization and silicon dioxide gate dielectrics is exacerbated as feature sizes
approach 100 nm.
The reduction of the RC delay to a level below or equal to the device delay is
both a material and an interconnection architecture challenge.  Although the
interconnect architecture is believed to be critical for significant lowering of the






Fig. 1.1 Technology roadmap (Semiconductor Industry Association,
1997): Gate delay, interconnect delay and cumulative device delay
(sum of delays) versus technology generation for Al/SiO2 and
Cu/low-k interconnect schemes.
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ambiguous.  Recent progressions include the hierarchical wiring system in which
successive wire levels increase in both height and width, enabling the reduction of R
per unit length while maintaining C per unit length [3].  Accordingly, an increase by a
factor of λ in both directions effectively reduces R by a factor of 1/λ2.
However, the hierarchical wiring scheme alone cannot sustain the increasingly
demanding space constraint with advancing technology nodes.  Thus, the introduction
of new materials with low resistance such as copper (Cu) and low dielectric constant
(k < 2.7) including carbon-doped silicon oxide (SiCO) is fundamental for future
generations of integrated circuits (ICs).
The advent of copper dual damascene technology for IC applications has
created a flurry of research activity in the microelectronics industry.  With a lower
bulk resistivity of 1.7 µΩ⋅cm compared to 2.8 µΩ⋅cm for traditional aluminium (Al)
interconnect, Cu is poised to displace Al as the material of choice for interconnect
technology [4-6].
The implementation of Cu interconnects introduces a myriad of benefits,
including 40% lower resistance (lower RC-delay), higher allowed current density
(higher electromigration and stress migration resistance) and increased scalability to
100 nm technology node [7].  The SIA technology roadmap for interconnects is
presented in Table 1.1.
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An important factor in determining material transport and, consequently,
electromigration is self-diffusion.  At 100°C, the self-diffusion coefficient of Cu is 2.1
x 10-30 cm2/s, which is significantly lower when compared to that of Al at 2.1 x 10-20
cm2/s.  Hence, electromigration lifetimes of Cu may be several orders of magnitude
greater than that of Al.  Furthermore, Cu can support 10 times the current density of
Al, thus making it possible to scale down the size of the interconnect while
maintaining same current carrying capacity.  This leads to increased packing density
per layer.  It was reported that 100 nm logic devices using conventional Al-SiO2
technology would require 14 levels of interconnect compared to 8 levels for Cu-low k
damascene scheme [7].  Thus implementation of Cu damascene would dramatically
reduce the number of processing steps.
However, the excitement of introducing a new material such as Cu to replace
traditional Al interconnects has been somewhat dampened by a host of integration
issues.  With the replacement of the conventional subtractive metal etching process by
the damascene process, trenches and via holes are etched in the dielectric insulator.
Table 1.1 Technology roadmap for interconnects
(Semiconductor Industry Association).
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These etched features filled with Cu by electrochemical plating (ECP).  Subsequently,
excess Cu is removed and planarized with chemical mechanical polishing (CMP).
The use of CMP to planarize the Cu surface could lead to erosion of
narrow/dense metal lines and dishing on wide metal line [8].  For each wire level,
both the trench and via structures are filled in a single step.  Therefore, continuity and
uniformity of the barrier and seed layer for ECP Cu is essential for void-free,
seamless Cu inlay in dual damascene processing [9].
In addition, Cu is a fast migrating species in silicon-based devices, creating
deep-level traps detrimental to electrical performance even at temperatures below 473
K [10].  In general, the rate of diffusion is defined in the x-direction as:
Do diffusion constant (m2/s)
Ea activation energy (eV/atom)
R ideal gas constant (8.62 x 10-5 ev/atom)
T absolute temperature (K)
The diffusion constant of Cu in Si and SiO2 are 4.0 x 10-2 cm2/s and 2.5 x 10-2
cm2/s respectively with activation energies in the range of 1-2 eV.  The diffusion
constant of Al in Si is 8 cm2/s with an activation energy of 3.5 eV.  Hence, the
diffusion rate of Cu in silicon-based devices may be substantially higher than that of
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oxidation and corrosion when exposed to moisture or oxygen [11-12].  In addition, Cu
exhibits poor adhesion characteristics to oxides and other dielectric materials.  Thus,
suitable encapsulants that can serve as effective barriers to Cu diffusion, as adhesion
promoters to the surrounding dielectrics and as Cu passivation layers while
maintaining overall performance are quintessential in Cu dual damascene integration
[2-6,11-15].
With encapsulation by a barrier material, the effective cross-sectional area of
the Cu conductor, as compared to the Al conductor of the same linewidth, is
simultaneously reduced.  While Cu metallization demands complete encapsulation, Al
metallization generally requires diffusion barrier only at one interface (Fig. 1.2).
Thus, it is paramount that the barrier thickness and/or resistivity are minimized while
maintaining barrier integrity.  Barrier thickness is expected to reach 10 nm and below
for future generations [16].
In addition, the dual damascene scheme requires a suitable etch stop and







Fig. 1.2 Schematic representation of difference in barrier material layout
between Cu conductor and Al conductor for interconnect technology.
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high dielectric constant of ~6-8, dependent on film composition, silicon nitride is an
excellent Cu and moisture barrier with good etch selectivity over SiO2.  However, the
electromigration of electroplated (111) Cu is dominated primarily by interfacial
diffusion [17].  Conceivably, impurity entrapment at the interfaces could create easy
diffusion paths for Cu, thus considerably degrading electromigration performance.
Therefore, the complete removal of residual slurries and other impurities are
rudimentary for Cu interconnect reliability.
Hence, in this work, the intrinsic film characteristics and interfacial
interactions of the tantalum/copper/silicon nitride (Ta/Cu/Si3N4) thin film system used
in dual damascene interconnect technology is discussed.  In particular, a novel method
for deposition of low-resistivity alpha Ta (α-Ta) is described and its properties as a
Cu diffusion barrier are presented.  Improvements to the Cu/Si3N4 via ammonia (NH3)
plasma treatment of the Cu substrate surface prior to Si3N4 deposition is also
investigated.
Chapter 2 is a review of the concepts involved in barrier-Cu-passivation
integration that provide the motivation for this work.  These include Cu
electromigration and stress migration.  Advancements in barrier materials are
discussed with special focus on Ta-based barriers.  The importance of thin film
adhesion and plasma surface modification methods to enhance adhesion of Cu to
surrounding dielectrics and the passivation layer are presented.
Chapter 3 introduces deposition techniques such as chemical vapour
deposition (CVD), physical vapour deposition (PVD) and electrochemical plating
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(ECP) employed in the experiments.  In addition, plasma facilitated methods, which
enhances desirable film properties are presented.
 Chapter 4 discusses the experimental setup and introduces the analytical
techniques involved, with particular emphasis on the modified-edge lift-off test
(MELT).
Chapter 5 introduces a novel cool Cu template process developed for
deposition of mixed phase alpha/beta-Ta (α/β-Ta).  Pertinent film properties and the
formation mechanism are discussed in detail.
Chapter 6 examines the physical and chemical interactions at the Cu/Si3N4
interface due to ammonia (NH3) plasma treatment.  The mechanism for interfacial
impurity removal is discussed.
Chapter 7 summarizes the findings in this work, with recommendations on the
future work that can be performed.
Yong Lai Lin Clare  A study of Si3N4/Cu/Ta thin film systems
 for dual damascene technology
9
Chapter 2
Concept review and literature research
In this chapter, the concepts of electromigration and stress migration are
discussed.  Various types of Cu diffusion barriers are examined, with particular
emphasis on tantalum-based barriers.  Thin film adhesion characteristics and its
associated improvement techniques are presented.  Plasma surface modification to
improve material adhesion and film characteristics is introduced.
2.1 Electromigration
Electromigration is defined as the transport of metal ions through a conductor,
resulting from a passage of direct electrical current.  Thermal agitation of the metal
lattice releases the “activated” metal ions (M+) that are subject to the electromotive
forces due to the electric field (Fε) and the electron wind (Fp).  The latter is exerted on
M+ by momentum exchange of the electrons in the electric current.  These two
opposing forces, with Fp >> Fε, causes a finite portion of M+ to transverse the
direction of electron flow (Fig. 2.1).  The M+ ions accumulate upstream while
vacancies are formed downstream.
e-
Cu depletion Cu accumulation
Fp
Fε
Fig. 2.1 A schematic representation of the electromigration of copper.
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Consequently, interconnect failure occurs through agglomeration
of the vacancies into voids.  The accumulation of M+ ions at blocking boundaries such
as metal line ends creates hydrostatic stress.  This leads to back diffusion of the ions
against the electron wind current.  In particular, the failure mechanism in Cu
interconnects is largely dependent on the electron flow direction.  A “downstream”
via-line stress state results in void formation at the bottom line. On the contrary, an
“upstream” stress state generates voids at the via bottom (Fig. 2.2).
In particular, the Cu-barrier and Cu-passivation interfaces represent fast
diffusion paths for Cu electromigration.  Bimodal failures have been observed by
Fischer et. al. [18] where “early” failures occur in the vias while “late” failures occur
in the metal lines.  Furthermore, the presence of early failure modes may result in a
reduction of electromigration lifetimes to a level similar to Al(Cu) alloy conductor
and below.
Via-line structures stressed in the upstream direction fail by two different
modes.  The early failures causes voiding at the via bottom while the late failures
resulted in trench voiding near the via.  Early failures in via-lines stressed in the
downstream direction were due to slit-like voids at the via and underlying metal








Fig. 2.2 A schematic representation of void formation in “downstream” (left)
and “upstream” (right) electron current.
 Cu via  Cu via
Cu trench
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underlying trench.  In particular, early failure modes are attributed to microstructural
defects between via/metal and metal/liner, which should be eliminated through
process optimisation.
Ryu et. al. [19] studied the microstructure and reliability of Cu interconnects.
The activation energy (Ea(Cu)) for electromigration with electroplated Cu (ECP Cu)
with strong (111) preferred orientation was found to be 0.89 eV.  Similarly, the Ea(Cu)
for electromigration with Cu deposited using chemical vapour deposition (CVD Cu)
with strong (111) preferred orientation was found to be 0.86 eV.  Thus, Cu
interconnect structure deposited by either process appear to have considerably higher
activation energy than its Al counterpart, where Ea(Al)~0.5-0.6 eV.
Moreover, the experimental results are significantly lower than reported values
for Cu lattice electromigration (~2.3 eV).  Hence, at low temperatures, Cu
electromigration seems to be dominated through grain boundary or interface diffusion
with intrinsically lower activation energies.  Since electromigration typically involves
atomic diffusion along grain boundaries instead of bulk, larger Cu grain evolution in
the via and trench decreases grain boundary density and, thus, suppresses
electromigration.  The grain size of CVD Cu is constrained to half the trench width in
narrow trenches.  This may be attributed to the conformal nature of deposition.  In this
way, ECP Cu is preferred over CVD Cu as the former results in large grains even
within small vias and fine lines.  This then offers a plausible explanation for the
slightly lower Ea(Cu) observed for the latter process.
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2.2 Stress migration
Stress migration is the phenomenon of metal voiding in conductor lines that
are under tension in the absence of an electrical current.  Generally, it is believed that
in Cu interconnects, the driving force of stress migration is the tensile stress arising
from grain growth in the metal.  Tensile stress results when the actual lattice spacing
is larger than the corresponding thermal equilibrium spacing.  Excess vacancies are
formed due to constrained grain growth in the encapsulated trench.
The excess vacancies are trapped along the barrier-Cu interface.  Subsequent
migration of these vacancies along high stress gradients forces void nucleation at the
vias.  Via void formation reduces the effective cross-sectional area for current flow
and, hence, increases via resistance (Fig. 2.3).  This situation may eventually
exacerbate via “pull-out”, a devastating situation where the via is detached from the
underlying metal line as the void completely covers the via.  Consequently, one of the
most critical issues in Cu dual damascene integration is the stress-induced voiding in
via holes.







Fig. 2.3 A schematic representation of void evolution due to
stress migration in copper interconnects.
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The effects of linewidth, microstructure and grain growth on stress induced
voiding was explored by Nucci et. al. [20].  Both stress and microstructure are
functions of linewidth.  Stress in passivated lines increases with narrowing linewidths
towards a hydrostatic stress state.  Grain structure evolves into a bamboo-like fashion
for lines narrower than the grain size.  It was found that void nucleation may occur at
two positions.  Firstly, central voids appear at triple point intersections.  These are
more prevalent in larger linewidths.  Secondly, edge voids are formed only where
grain boundaries intersect the line edge.  These voids may appear in all line widths.
Bamboo lines are free of central voids due to the absence of triple points.  Thus, with
narrowing line widths below the grain size, void formation is localised at the line
edges.
Park et. al. [21] observed that the voids were generated due to the metal stress
during Cu annealing and inter-metal dielectric (IMD) processing.  Significant
transformation from compressive stress to tensile stress originate from the annealing
of the electrochemically plated (ECP) Cu.  The change in stress is directly
Fig 2.4 Stress migration induced void formation.  Note void position at via
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proportional to the annealing temperature.  Annealing is essential to facilitate and
stabilise grain growth in ECP Cu.  Moderate annealing temperatures of 150-200°C
improves the voiding situation.  However, elevated temperatures create larger stress
changes and recrystallisation rates during cooling which result in increased Cu
shrinkage in the vias.  Hence, the incompatibility in thermal expansion of Cu with its
surrounding dielectrics and the higher tensile stresses that evolve at elevated anneal
temperatures accelerate the void formation process.
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2.3 Diffusion barriers
Cu is a fast migrating species in silicon-based devices, creating deep level
traps that are detrimental to device reliability.  Moreover, its inherent chemical
reactivity renders it susceptible to oxidation and corrosion [11-12].  Hence, the key to
integrating Cu interconnect technology is a suitable encapsulant that can function both
as an effective barrier to copper diffusion and as an adhesion promoter to the
surrounding dielectrics, while maintaining the overall device performance [2-6,11-
15].
Various methods including the implementation of new barrier materials such
as refractory metals, intermetallic alloys or compounds and the use of impurity
decoration of barrier grain boundaries are currently investigated.  Thus, in this
section, some of the fundamental concepts of diffusion barriers are discussed.  The
pertinent research performed is presented, with special emphasis on Ta and its related
compounds.
Barrier layers are employed in metallization systems in order to isolate two
materials that would otherwise undergo unfavourable chemical interactions.
Therefore, an effective diffusion barrier should possess several essential
characteristics.  These include:
(1) thermodynamic stability with surrounding materials;
(2) prevention of detrimental interdiffusion between the isolated layers;
(3) provision of good adhesion to contacting materials and;
(4) provision of low resistance contact.
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In addition to the physicochemical requirements of materials to be used as
effective diffusion barriers, practical process capabilities such as step coverage,
selective patterning and availability of deposition techniques must be satisfied.
Diffusion barriers may be classified into four main categories, namely, sacrificial,
thermodynamically stable, stuffed (impurity decorated) and amorphous diffusion
barriers.  These are depicted pictorially in Fig. 2.5.
Sacrificial barriers may react with either or both isolated layers uniformly at a
determined rate.  To maintain separation between the layers, the barrier must not be
completely consumed in these reactions.  Thus, the reaction rate of the sacrificial
barrier with either layer would pose a major lifetime limitation.  As such, effective
diffusion barriers should be thermodynamically stable against either or both isolated














Fig. 2.5 A schematic representation of 4 different classes of barriers:
sacrificial, thermodynamically stable, stuffed and amorphous diffusion
barriers.
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Diffusion often occurs along short-circuit paths present in the form of grain
boundaries and defects prevailing in the barrier layer.  Stuffed barriers through
impurity decoration can reduce the number of effective short-circuit paths in the
barrier layer, thereby attenuating diffusion rates by several orders of magnitude.  This
is achieved through the decoration of the paths with appropriate atoms or molecules,
rendering them inactive for diffusion.
Elimination of grain boundaries may be achieved with the growth of single-
crystalline barriers or amorphization of the barrier layer.  However, the inherent
process limitations of single-crystal, barrier layer growth impede its implementation
in real devices.  Consequently, amorphous barriers are the preferred solution.
Unfortunately, the metastable nature of amorphous layers leads to eventual
recrystallisation and introduction of grain boundaries.  The temperature of
crystallisation (Tc) of the amorphous layer is, therefore, a critical parameter towards
the amorphous barrier integrity.  Amorphous barrier materials must possess a Tc
significantly above processing and operating temperatures of the device.
Various authors have discussed application of ternary nanostructured
amorphous thin films, Me-Si-N (Me=Ta, W, Mo, Ti, Re), in Cu encapsulation.
Nanostructured amorphous diffusion barriers are defined as very short-range order
(~10 Å) single crystal.  These materials exhibit high Tc and are without large-angle
grain boundaries.  Accordingly, ternary amorphous thin films are expected to be
excellent diffusion barriers [22].
Yong Lai Lin Clare  A study of Si3N4/Cu/Ta thin film systems
 for dual damascene technology
18
Blanquet et. al. [22] presented ternary tantalum (Ta), titanium (Ti), tungsten
(W) and rhenium (Re) silicides using low-pressure chemical vapour deposition
(LPCVD) with silane, ammonia, hydrogen and metal chloride precursors for enhanced
step coverage.  The as-deposited W and Re films appear as nanocomposites of Re and
tungsten nitride (W2N) embedded in a matrix of non-crystalline silicon nitride (Si3N4).
From phase diagram analysis, Re and W does not appear to form stable nitrides.
These structures were maintained with annealing to 1173 K, after which N2 outgazing
occurs.  In the case of Ti and Ta ternary LPCVD silicides, no nanocrystals were
observed.  This is possibly due to the stability of Ti and Ta nitrides formed.  It has
been reported that physical vapour deposition (PVD) results in structures that appear
amorphous under XRD, due to the non-equilibrium conditions of the process.  The
morphology of the material is strongly dependent on its composition.   In addition, as
the metal composition in these nanocomposites increase, the film resistivity and its Tc
decrease.
PVD ternary tantalum silicon nitride (Ta-Si-N) films with composition
ranging from Ta60Si11N29 to Ta43Si4N53 investigated by Lee et. al [23] elucidates the
amorphous nature of the layer, maintained up to 700°C.  Although the thermal
stability of the barrier improved with increasing nitrogen concentration (Ta43Si4N53
film stable up to 800°C), the resistivity also increased with nitrogen composition
(270-3112 µΩ⋅cm).  Thus, a compromise in film composition is required to meet the
expectations of an effective barrier.
In their exploration of nanostructured Ta-Si-N films, Kim et. al. [24]
postulated that the stability of the nanostructure phase is maintained at elevated
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annealing temperatures through the presence of N impurities exceeding the solubility
limit.  With N content in excess of 40 atomic percent, the Ta-Si-N retained its
nanostructural integrity up to 1100°C.  This film seems to effectively prevent Cu
diffusion even at a temperature of 900°C.
Bicker et. al. [25] presented the nanocrystallisation process of Ta40Si14N46
amorphous thin films.  Indeed, film decomposition was found to occur between 800°C
and 900°C.  The authors postulated that diffusion of N and Si atoms through a
network of stationary Ta atoms is the predominant decomposition process, possibly
due to higher mobility of light atoms.  The phase separation into amorphous phases
through the spinodal decomposition of Ta-Si-N acts as a precursor to
nanocrystallisation. Spinodal decomposition is a clustering reaction in a
homogeneous, supersaturated solution either in the solid or liquid state.  The system is
highly unstable and minute fluctuations in density or composition results in its
spontaneous separation into two phases.  This proceeds with a reduction in the Gibbs’
free energy in the absence of a nucleation barrier.  Hence, the above reaction is
accompanied by the formation of nanocrystalline, cubic tantalum nitride (TaN) and
hexagonal tantalum silicide (Ta5Si3) phases.
Carbon (C), nitrogen (N) and oxygen (O) atoms have been proposed as
decorative impurities for grain boundaries in refractory metals to deplete short-circuit
diffusion paths.  The use of C atoms has been recently explored by Wang et. al. [26]
and Laurila et. al. [27].  In the comparative study performed by the former on tungsten
carbide (WCx)(60 nm)/Si and tantalum carbide (TaCx)(60 nm)/Si, both systems
retained interface integrity to a temperature of 600°C.  The as-deposited structures of
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these materials are amorphous with resistivity of 227 µΩ⋅cm and 385 µΩ⋅cm
respectively.  Tungsten silicide (W5Si3) and copper silicide (Cu3Si) were formed in
the Cu/WCx/Si system with anneals in the range of 700-800°C while Cu/TaCx/Si
structure remained unaltered.  Formation of WSix could induce voids or microcracks
in the layer or at the Si surface, facilitating Cu diffusion.  Significantly, the maximum
allowable thermal budget for WCx and TaCx films may be 50-100°C higher than their
pure metal counterparts.  Hence, C atoms act effectively as grain boundary fillers to
reduce Cu diffusion.  Furthermore, TaCx exhibits a higher thermal stability compared
to WCx (~50°C).  This is probably due to its higher melting point (~3985°C versus
~2785°C) and greater thermodynamic stability with Si.  The failure of Cu/ TaCx/Si
structure occurs solely via Cu diffusion and formation of Cu silicides whereas the
interfacial reaction of between WCx and Si further promotes the Cu diffusion process
in the Cu/WCx/Si system.
The same initial failure mechanism of TaC (70 nm) at 750°C is further
elucidated by Laurila et. al [27].  At 600°C TaC layer consists of large elongated
columnar grains that could present easy Cu diffusion paths thus initiating CuSi3
formation.  However, it was reported that 800°C, both Cu3Si and TaSi2 coexisted in
the structure.  The discrepancy between the two authors is possibly due to the anneal
conditions.  Although isothermal and isochronal, the work was performed under N2
ambient for the former and vacuum for the latter.  Investigation into the ternary phase
diagrams at 700°C of Si-Ta-C show that there indeed exists a driving force for the
reaction of TaC with Si as the system strives towards equilibrium.
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Various authors have considered transition metal nitrides as Cu diffusion
barriers.  Early work by Olowolafe et. al. [28] on TiNx shows degradation of the
barrier at 550°C for Cu/TiN0.95/Si structures.  In particular, oxygenated TiN1.3O0.75
failed at temperatures above 550°C.  The delayed failure may be attributed to oxygen
decoration of the grain boundaries and defects.
Cu/CVD TiN/Si structures prepared with tetrakis-dimethyl-amino titanium
(TDMAT) precursor was demonstrated by Kim et. al. [29].  Mixed N2/H2 plasma
treatment improved barrier stability through film densification.  Untreated CVD TiN
failed at 550°C while plasma treatment improved thermal stability to 650°C,
comparable to PVD TiN.
Reactively sputtered tungsten nitride (WNx) (100 nm) films were investigated
by Suh et. al. [30].  The film resistivity increased monotonically with N content as the
film microstructure transforms from amorphous WNx (N content below 32%) to
polycrystalline W2N (N content above 32%).  Failure of amorphous WNx film occurs
through total N release, WSi2 formation and subsequent Cu diffusion to form Cu3Si at
850°C.  Polycrystalline WSi2 films releases excess N at 750°C, eliminating the
decorative effect at the grain boundaries and defects, thus resulting in early failure
with formation of local Cu3Si protrusions.
The barrier properties of TaNx films have been the subject of interest for many
authors. Yang et. al. [31] presented barrier properties of TaNx with varying N flow
during sputter deposition.  Pure β-Ta (197 µΩ⋅cm) was obtained without N flow.  The
resistivity of TaNx decreases to a minimum with 5% N flow (159 µΩ⋅cm), increasing
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progressively with 5-10% N flow and escalating thereafter with >10% N flow.  The
initial decrease is attributed to phase transformation from β-Ta to α-Ta(N), which is
known to have lower resistivity.  Between 5-10% N flow, the TaNx films exhibit
amorphous-like structure.  As N flow increases to 15%, the inherently highly resistive
NaCl-type TaN (380 µΩ⋅cm) and amorphous Ta2N structures were observed.
Moreover, film degradation as represented by leakage current densities for
Cu/TaNx/Si structures decreased to a minimum at N flow of 5% (α-Ta(N) structure)
for 600°C anneals, increasing subsequently with N flow.  This was accompanied by
formation of Cu3Si, Ta5Si3 and TaSi2 formation at temperatures above 600°C.  In
addition, the incorporation of N at 5% flow results in a larger Cu(111)/Cu(200) ratio
compared to pure Ta, thus electromigration resistance is expected to improve.  TaNx
films with N flow exceeding 10% failed the leakage current density criteria after
400°C.  Increasing N flow results in the progressive evolution of the structure of TaNx
from voided columnar (Ta), fibrous reduced grains (α-Ta(N)), amorphous (Ta2N) and
finally columnar (TaN).  Hence, the above results seem to suggest that α-Ta(N)
exhibits superior barrier capability over β-Ta, Ta2N and TaN.
Oku et. al. [32] reported the formation of polycrystalline TaN (25 nm) barrier
by Ta sputtering with 20% N2/Ar gas.  In contrast to β-Ta and Ta2N, which formed
Cu3Si at 500°C and 650°C respectively, no Cu3Si was observed up to 800°C with TaN
barrier.  The TaN crystallite grain boundaries appear to have disordered structure after
annealing at 700°C that promotes good barrier behaviour.  While TaN maintained
interface integrity with Si, β-Ta and Ta2N formed TaSi2 and Ta5Si3 at 600°C and
700°C respectively.
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More recently, single-crystal TaN formed through heteroepitaxy on
TiN/Si(100) was presented by Wang et. al. [33]. Due to the absence of grain
boundaries, Cu diffusion occurs via bulk diffusion.  Thus, a comparison with
polycrystalline TaN at 700°C shows significant reduction in Cu diffusion lengths
using single-crystal TaN from a range of 15-27 nm to an average of 15 nm.  The non-
uniformity of Cu diffusion in polycrystalline TaN is probably due to non-uniform
grain boundaries and defects.
Presently, thin film Ta has been successfully applied as a Cu diffusion barrier.
A refractory material with high melting point (3020ºC), Ta is capable of withstanding
the temperatures in back-end-of-line operations and has high activation energies for
grain boundary and lattice self-diffusion [34].  Ta is also relatively immiscible and
thermodynamically stable with Cu.  Hence, Ta thin films may serve as a suitable
candidate against Cu diffusion [35-41].
The highly resistive tetragonal β-Ta (170-210 µΩ⋅cm) is a common resultant
phase on most metallization substrates.  However, body-centred-cubic α-Ta is a
preferred choice, principally because its bulk resistivity (12-60 µΩ⋅cm) is much lower
than its β-Ta counterpart [42,43].  Thus, efforts have been devoted to control the
formation of α-Ta, which includes substrate and impurity effects, bias-sputtering,
stress relaxation, high substrate temperature (>600oC), high-temperature anneal (500-
700oC) and using Ti, niobium (Nb), Al (aluminium) and TaN (tantalum nitride)
underlayers.
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In the early groundwork performed by Feinstein and Huttemann [44], the
substrate effect on resultant Ta phase is classified into three broad categories.  Type I
substrates, which comprised of quartz, ceramic, sapphire, Si(100), Si(111), Cu, nickel
(Ni) and β-Ta, yielded β-Ta preferentially oriented with (100) plane parallel to the
substrate.  Type II substrates such as gold (Au), platinum (Pt), rhodium (Rh),
beryllium (Be) and W yielded α-Ta.  Type III substrates, which includes α-Ta,
molybdenum (Mo), Si3N4 and Ta2N), resulted in α-Ta, β-Ta or a mixture of both,
depending on nature of the surface.  Significantly, the three types of substrates differ
in the ease of oxide formation.  Type I substrates spontaneously form surface oxides
in air at room temperature, type II materials are resistant to oxidation while partial
oxidation occurs on type III substrates with surface treatment of O2 or H2O at elevated
temperatures.   Hence, it would appear that an oxidised surface or the chemisorption
of hydroxyl group is essential for nucleation of metastable β-Ta.
Cantania et. al. [37] examined the effect of bias sputtering of the Si substrate
on Ta phase formation.  In the region of low to moderate bias sputtering for films with
<0.2% oxygen contamination, α-Ta was the resultant phase.  With increased substrate
bias, β-Ta was deposited.  The effect of substrate bias appears to be dominant in the
growth phase and not in the nucleation phase of Ta deposition.  It was believed that
the implantation of Ta atoms into the interstitial and grain boundary sites favoured β-
Ta formation with a concurrent increase in compressive film stress.
Clevenger et. al. [45] proposed that the major mode of stress relaxation of Ta
films is associated with the β-Ta to α-Ta transformation, taking place between 600-
800oC.  Incomplete stress relaxation occurs with partial β-Ta to α-Ta transformation
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or in as-deposited α-Ta films.  A suggested mechanism of the above phase
transformation includes shear distortion along (001) plane of β-Ta, which is enhanced
by tensile stressed films and inhibited by compressively stressed films.
Hoogeveen et. al. [46] concurred the observed the β-Ta to α-Ta transformation
at an anneal temperature of 600-700oC.  In particular, the latter found that β-Ta to α-
Ta transformation was retarded on SiO2 substrate, possibly caused by the diffusion of
oxygen into the Ta layer, thereby increasing its compressive stress.  Thus, β-Ta
formation and stability appears to be enhanced by increasing compressive stress [37,
45, 46].
The effect of Ti underlayer in promoting α-Ta deposition was discussed by
Chen et. al. [39].  Due to the close lattice matching of α-Ta(110) and hexagonal
Ti(0001) close-packed plane in two dimensions, nucleation of α-Ta on Ti is favoured.
Thus, a Ti underlayer facilitates the formation of α-Ta on Si and SiO2 substrates that
would otherwise result in β-Ta deposition.
Face and Prober [47] introduced the use of Nb underlayer to promote α-Ta
growth.  Both materials share the same body centred cubic structure with a lattice
mismatch of <0.1%.  Complete nucleation and growth of α-Ta can be achieved with
Nb underlayers >1 nm thick.  Similarly, Hoogeveen et. al. [46] reported enhancement
of α-Ta growth using Al underlayer, with a lattice mismatch of <0.02% along one
direction.
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The use of thin (<2 nm), TaN film as an underlayer for α-Ta deposition was
reported by Edelstein et. al. [48].  The unique bilayer TaN/α-Ta liner exhibited a low
in-plane resistivity in the range of 30-60 µΩ-cm.  However, deposition is performed
in two sequential steps.  Firstly, Ta PVD is conducted with Ar/N2 ambient gas for
TaN deposition.  Secondly, Ta PVD is conducted with only Ar ambient for Ta
deposition.  Thus, this two-step deposition may prove cumbersome when used in
production.
Donohue et. al. [49] reported the direct deposition of α-Ta onto CVD low-k
(k<2.2) Orion, a nanoporous, CVD carbon-doped oxide.  Both pure α-Ta and mixed
α/β-Ta can be deposited at temperatures between 500-1000oC and is enhanced with
bias sputtering (-75 V).  The formation of α-Ta is most likely propagated through
interactions between the Orion substrate and Ta, incorporating of small amounts of
impurity e.g. carbon, into the Ta lattice.
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2.4 Thin film adhesion
Adhesion and resistance to sub-critical debonding (de-adhesion) of the vast
number of bilayer interfaces in dual damascene architecture strongly influence the
yield and reliability of devices.  Residual stress including thermal stresses and
intrinsic growth stresses provide the driving force for debonding to initiate.  Thermal
stresses develop during processing and device operation through thermal cycling, the
repeated heating and cooling cycles.  The occurrence of debonding could be
detrimental for devices.
Adhesion refers to the physical and chemical interactions between contacting
materials at a bilayer interface.  Adhesion energy values between film and substrate
can vary from a few tenths of an electron volt up to 10 eV or more.  Consequently, the
adhesion phenomenon may be explained by two different mechanisms.  For low
values of adhesion, the electron shells of the adsorbed atoms are maintained relatively
intact.  Hence, weak Van der Waals forces of attraction or dipole-dipole interactions
keep film and substrate together.  The resultant film is physisorbed onto the
substrate, with adhesion values up to 0.4 eV.  On the contrary, electron sharing occurs
above 0.4 eV.  Therefore, chemical bonding is invoked and the film is chemisorbed
onto the substrate.
Four characteristic interfaces may be identified [50].  The types of interfaces
are shown in Fig. 2.6.  Firstly, in the abrupt interface, interaction between the two
materials is limited, thus resulting in poor adhesion.  Secondly, the compound
interface is distinguished by the formation of a thin interfacial layer.  This arises from
the chemical reaction between the two contacting materials.  Chemical bonding leads
Yong Lai Lin Clare  A study of Si3N4/Cu/Ta thin film systems
 for dual damascene technology
28
to strong adhesion between the two materials.  Thirdly, the diffusion interface is
characterised by the gradual change in film composition in the interfacial region, due
to interatomic diffusion between the contacting layers.  Film adhesion is thus
dependent on mutual solid solubility and deposition conditions.  Lastly, the
mechanical interface results from mechanical interlocking of a film with a rough
substrate surface. The torturous fracture path characteristic of mechanical interlocking
enhances adhesion.  In summary, adhesion of a film to the substrate is thus dependent
on the nucleation process, presence of interatomic bonding and the surface/interface
chemistry.
The presence of interfacial impurities may lead to two opposing effects on
adhesion (Fig. 2.7).  Firstly, adhesion may be promoted if the impurity is able to act as
a “bonding bridge” between layers, thus holding the layers together.  This would
require comparable affinity between the two layers for the impurity.  Conversely,
(a) Abrupt interface (b) Compound interface
(c) Diffused interface (d) Mechanical interface
Fig. 2.6 Four characteristic interfaces: (a) abrupt - limited material
interaction, (b) compound - interfacial compounds exist between
materials,  (c) diffused - interatomic diffusion between materials
and (d) mechanical - physical interlocking of materials.
Yong Lai Lin Clare  A study of Si3N4/Cu/Ta thin film systems
 for dual damascene technology
29
adhesion may be worsened should a vast difference in affinity for the impurity exist
between layers and the “bonding bridge” effect does not come into play.
The poor adhesion characteristic of Cu/SiO2 thin film systems may be
attributed to the lack of chemical bonding between the materials.  Thus, adhesion
promoters such as Cr, Ti, Nb, Al and Mg have been proposed to enhance adhesion
[51].  In particular, the adhesive strength is dependent on the oxygen concentration in
the metal.  A higher oxygen concentration failure occurs at the metal-Cu interface
while at lower concentrations failure occurs at the metal-SiO2 interface.  Thus, graded
oxide-metal interfaces would possibly to produce the best adhesion results.
Chen et. al. [52] studied the adhesion of Cu/Ta interfaces as characterised by
the wetting behaviour of Cu on Ta.  It was found that Cu de-wetting temperature
decreases from above 600 K for clean Ta, to 300 K for monolayer coverage of oxygen
on Ta.  With monolayer coverage of carbon on Ta, Cu begins to de-wet above 300 K.
Cu diffusion was also reported to decrease with impurity incorporation.  However,
this improvement is comes at the cost of reduced Cu adhesion.
(a) impurity bonding bridge
adhesion strengthened
(b) no impurity bonding bridge
adhesion weakened
Fig. 2.7 Interfacial impurity effect on film adhesion. (a) Impurity
bridging effect strengthens adhesion. (b) No impurity bridging
effect, impurity at interface worsens adhesion.
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Small amounts of alloying elements (10-15%) have been known to improve
interface adhesion of Cu/dielectric.  In particular, Ti and Mg were found to improve
Cu adhesion to Si3N4 and SiO2.  Unfortunately, the resultant intermetallic layer
created increases line resistance due to Cu consumption and formation of resistive
phases.
Ion beam assisted deposition (IBAD) was introduced by Yang et. al. [53] as a
possible method to obtain lower resistivity and higher interface adhesion Cu films.  It
is believed that ion bombardment relieves stress in the depositing film.   The resultant
Cu film exhibited higher interface adhesion to the substrates such as Si, glass and
polycrystalline aluminium oxide.  However, IBAD films have higher resistivity than
PVD films.  Thus, IBAD must be used in combination with PVD to obtain Cu films
with higher interface adhesion and the low resistivity characteristic of PVD Cu.
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2.5 Plasma treatment
The effect of NH3 plasma pre-treatment on Si3N4 barriers for Cu metallization
was presented by Qin. et. al. [54].  The presence of Cu oxide or Cu silicide provides a
source of Cu ions that readily migrate, thus resulting in high leakage currents.  In
particular, Si diffusion into the Cu layer was suppressed with plasma treatment.
Kim et. al. [55] reported the use of NH3 plasma treatment on TiN surface for
Cu deposition by metal organic chemical vapour deposition (MOCVD).  Due to the
increased surface energy of TiN with plasma treatment, Cu nucleated preferentially in
the (111) direction and grew to larger grain sizes to reduce the overall surface energy
of the system.  Nucleation of Cu on the underlying boron-phosphorous doped silicon
oxide (BPSG) was suppressed at temperatures up to 150°C.  Surface hydroxyl groups
were preferred chemisorption sites for the Cu MOCVD precursors.  The efficacy of
hydroxyl removal from the oxide surface is thus crucial for selective deposition on
TiN over oxide.  This was enhanced with the use of N2 plasma.
Oh et. al. [56] compared H2 and N2 plasma treatment of the Cu seed layer
surface prior to Cu electroplating.  H2 plasma may be used to remove most surface
contaminants as long as volatile hydrides can be formed under the given operating
conditions. H2 plasma pretreatment was found more effective in producing free Cu
atoms by removing Cu oxide and carbon in the surface region.  This resulted in
electroplated Cu films with lower resistivity, smoother surface morphology and
improved adhesion.
Yong Lai Lin Clare  A study of Si3N4/Cu/Ta thin film systems
 for dual damascene technology
32
Ou et. al. [57] reported improved TaN barrier characteristics with N2 or O2
plasma treatment on the deposited TaN thin film.  The formation of a surface
amorphous layer was induced by plasma treatment.  Both oxygen and nitrogen
bonding states were evident.  In particular, plasma treatment improved the thermal
stability of the barrier.  This was attributed to the nanocrystallisation and stuffing
effects of the plasma treatment, which prevents Cu diffusion.
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2.6 Conclusion
Electromigration and stress migration may lead to detrimental void formation
in the interconnect lines or vias.  In addition, the rapid diffusion of Cu through Si-
based devices necessitates the complete encapsulation of Cu interconnects.  The
above effects are further aggravated by ineffective encapsulation of the Cu
interconnect and weakened adhesion to its surrounding dielectrics.
Effective barriers should possess thermodynamic stability with its contacting
materials. It should prevent interdiffusion, improve adhesion while maintaining low
contact resistance.  Although the optimum diffusion barrier would most likely be
amorphous or nanocrystalline ternary barriers including Ta-Si-N [22-25], such
barriers have inherently high resistivities (~300-3000 µΩ⋅cm).
Alternatively, impurity decorated barriers such as WCx, TaCx [26,27] also
possess superior thermal stability.  Nevertheless, the resistivity of these materials are
still somewhat high ~227-385 µΩ⋅cm.  As via dimensions shrinks with advanced
technology nodes, the contribution of barrier resistance to the total interconnect
resistance becomes increasingly significant.  Hence, these high resistance barriers
may not be suitable for future technology nodes unless their resistivity or thickness
can be manipulated considerably.
Through adjustment of nitrogen content, the properties of refractory metal
nitrides such as microstructure and resistivity may be controlled [28-33].  In
particular, Ta(N) resistivity can be minimised (159 µΩ⋅cm) with low N concentration
of 5%.  This is comparable to that of sputtered β-Ta thin films (~180 µΩ⋅cm).  The
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films are polycrystalline when lightly doped with N.  Although gradual amorphization
occurs with increased N content, the improved diffusion barrier property is negated by
the increasing film resistivity towards 380 µΩ⋅cm.
The realistic implementation of the above barriers requires the ability to
control both the microstructure and resistivity without negatively impacting the
complementary property.  It is therefore beneficial to find a material, which inherently
possesses low resistance as well as effective diffusion barrier properties.  BCC α-Ta
appears to be a suitable candidate with both low resistivity (12-60 µΩ⋅cm) [42,43] and
comparable diffusion barrier properties due to its thermodynamic stability with Cu
[35-41].  Presently, its implementation has been hindered, as no direct method of
deposition onto Cu substrates has been reported [44-47].  Thus, in this thesis, a novel
synthetic scheme to deposit mixed phase α/β-Ta will be discussed.
Thin film adhesion properties are of profound importance to overall device
reliability.  The presence of interface impurities could weaken adhesion strength of
the contacting materials. Plasma treatment for interface adhesion enhancement and
surface modification has been presented by various authors [54-57]. The presence of
Cu oxide provides a source of Cu ions that readily migrate.  Prior reports on NH3 and
H2 plasma treatment focused mainly on the physical phenomena that were observed.
Hence, in this thesis, the physicochemical interactions of NH3 plasma treatment on
partially oxidise Cu surface is investigated and the associated reaction mechanism
discussed.
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Chapter 3
Thin film deposition techniques
Thin film deposition techniques used in Cu dual damascene interconnect
processing include physical vapour deposition (PVD), chemical vapour deposition
(CVD) and electrochemical plating (ECP).  However, conventional PVD and CVD
techniques can no longer support the demanding aspect ratios (height-to-width) of
advanced devices.  Plasma enhanced deposition of thin films has been employed to
meet the stringent demands of current devices.  Here, the PVD and CVD techniques
with plasma enhancement and the ECP technique used for film deposition in the
experiments are introduced.
3.1 Plasma enhanced chemical vapour deposition PECVD
In plasma enhanced CVD, the plasma energy supplied by an external radio
frequency (rf) source (~13.56 MHz) excites the chemical precursors and generates the
reactive species required for reaction and deposition.  PECVD operates a pressure of 1
mTorr to 20 Torr at substrate temperatures of 100-500°C [58].
When the plasma initiates, energy from the rf electric field is coupled into the
reactant gases through the kinetic energy of a few free electrons.  These electrons gain
energy rapidly in the electric field and lose energy gradually via elastic collisions.
Hence, in comparison to conventional CVD, the thermal energy of the latter is
replaced by the electron kinetic energy in the plasma.  Consequently, excessive
substrate heating and degradation is prevented.
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The radical and ion reactive species generated within the plasma impinge and
react on the substrate surface.  Bombardment of ionic species on the film surface
controls the surface mobility of the precursor and determines the film composition,
density, stress and step coverage in PECVD thin films.
The deposition mechanism for PECVD comprises of four steps (Fig. 3.1).
Step 1 occurs in the plasma with initial electron-impact reactions between electrons
and reactant gas leading to the formation of ions and radical reactive species.  Step 2
is the mass transport of the reactive species from the plasma to the substrate surface
with the simultaneous generation of more ions and radicals in both plasma and sheath
regions.  At step 3, the reactive species migrate, adsorb on the substrate surface and
subsequent reaction deposits the film.  Finally, in step 4, the by-products of the
reaction are desorbed, subsequently diffusing away from the surface back into the gas
phase.
PECVD Si3N4 films are used effectively as final passivation layers often in
combination with an oxide layer in IC, UV-erasable EPROM and GaAs MESFETS
fabrications.  Plasma nitride films are excellent sodium and moisture barriers.  Active-
matrix liquid crystal displays utilise plasma nitrides for gate dielectric.  In Cu dual
damascene applications, plasma nitrides are also used as etch stop layers.
Typical Si3N4 film deposition uses silane, ammonia and nitrogen gas
precursors as silicon and nitrogen sources.  At low power and low ammonia
concentrations, SiH2, SiH3 and polymerised silanes dominate the gas phase.  Films
deposited under these conditions contain significant amounts of Si-H and are thus
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produces triaminosilane (Si(NH2)3) in the gas phase with fewer hydrogenated species.
Films deposited with Si(NH2)3 possess excellent electrical properties as they are
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3.2 Physical vapour deposition (PVD)
Sputter deposition or PVD is generally carried out in diode inert gas (argon)
plasma systems known as magnetrons [59].  The working pressure of conventional
PVD is 0.5-5 mTorr.  The cathode is subject to ion bombardment and emits atoms.
These atoms are subsequently deposited onto the wafer to form the thin film.  In
particular, the magnetron cathode system exploits the magnetic confinement of
electrons in the orthogonal electric and magnetic field region close to the cathode
surface.  The collision and sputter efficiency is significantly enhanced.  This increases
plasma density, reduces discharge impedance and results in a higher-current, lower-
voltage discharge.
The intrinsic inferior deposition uniformity of such systems is overcome by
the mechanical circulation of the rotating magnets behind the cathode.  The use of this
technique in deposition of thin metal films for diffusion barriers, adhesion or seed
layers, primary conductors, anti-reflection coatings and etch stops is universal.
Ionised PVD techniques are rapidly gaining popularity due to the inability of
conventional PVD to fill increasing aspect ratios.
Physical sputtering occurs when an energetic particle strikes a solid, thus
extracting one or more substrate atoms.  At low energies, the incident particle has
insufficient energy to break the interatomic bonds of the substrate surface atoms.  At
high energies, the particle travels deep into the bulk of the substrate causing
disruptions to the physical structure in its wake.  However, relatively few atoms are
emitted from the surface.  At moderate energies of several hundred eV to several keV,
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the bombarding particle causes considerable bond breaking at the near surface region
of the substrate.  This results in high yield of emitted substrate atoms.
The depositing flux has a very broad, almost isotopic nature.  This poses a
problem for deposition in high aspect ratio holes or trenches as voids or seams will
form in these features.  Thus, a few different modifications have been put into place to
address this problem.  Long-throw deposition increases the sample to cathode distance
from 5 cm to 25-30 cm for 200 mm wafers.  The angular distribution of the sputtered
flux on the sample surface is thus limited to ± 45°.  Unfortunately, long-throw
deposition suffers from the intrinsic asymmetry of deposition near the wafer edge.
The mass flux from the centre regions of the cathode is higher than that from the outer
edges.  Hence, the deposition rate at the inner-facing sidewalls of the wafer edge will
be higher than the outer-facing sidewall.
Collimated sputter deposition uses an array of collimating tubes inserted
between cathode and sample to collect the laterally transversing atoms (with reference
to the cathode-sample plane).  This results in a near directional atomic flux to the
sample surface.  Unfortunately, these two methods of directional control results in
wastage of the lateral atoms that are deposited in the reactor walls or on the
collimators.
An alternative to the filtering of lateral atoms for increased directionality is the
ionised PVD technique.  A dense inductively coupled rf plasma (ICP) is used to
complement the dc magnetron sputtering source.  The primary magnetron plasma is
maintained close to the cathode surface providing sufficient flux of ions for efficient
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sputter emission of the metal cathode atoms.  The secondary ICP plasma is generated
between the cathode and sample.  As sputtered atoms transverse through this plasma,
a fraction of them is ionised by electron bombardment.
At low pressures, the sputtered atoms pass through the plasma region rapidly
and the ionisation level is low.  Increasing pressure increases gas phase collisions and
the residence time of the metal atoms in the plasma is prolonged.  This results in
higher ionisation probability.  Thus, ionised PVD systems operate in the 15-30 mTorr
range.  The metal ions are accelerated in the plasma sheath region towards the sample
by the difference in plasma potential (~ +10 V) and wafer potential (0 to –50 V).
The deposition mechanism for ionised PVD can be divided into five steps
(Fig. 3.2).  Step 1 occurs at the cathode surface where ion bombardment and
subsequent emission of the metal atom is effected through the circulating electrons in
the magnetron dc plasma.  Step 2 is the generation of metal ions through gas phase
collisions.  This takes place within the rf-ICP region as the metal atoms fall towards
the substrate.  Step 3 is the diffusion and acceleration of atoms and ions respectively
to the substrate.  Consequently, surface migration of the atoms and ions takes place on
the substrate surface.  Step 4 is the condensation and adsorption of the atoms on the
substrate surface resulting in nucleation of the film to critical size.  Step 5 is the
uniform growth of the desired film on the substrate surface.
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Ionised PVD technique is especially useful for deposition diffusion barriers
and seed layers in vias or trenches up to an aspect ratio of 5:1.  Although ionised PVD
results in directional film deposition, it application to conformal liners is made
possible by two factors.  Firstly, the relative ionisation is less than 100%.  Hence,
there exists an inherent non-directional component capable of coating the sidewalls of
the feature.  Secondly, the directional accelerated depositing flux can result in
resputtering of the bottom deposited material.  This is redeposited and redistributed
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within the feature.  In particular, the bottom corner film is thickened, which is
desirable, as this location is highly susceptible to diffusion barrier failure.
The electrostatically clamped wafer stage (electrostatic chuck) can be heated
or cooled depending on process requirements.  For Ta or Cu processes, the stage may
be cooled to temperatures reaching –30 to -20°C.  Cooling is essential for Cu seed
applications to prevent agglomeration of the seed layer.  A discontinuous seed will be
detrimental in electrochemical plating as this results in void formation especially in
the via.  Ti or TiN processes may have heated stages at a temperature range of 250 to
300°C.
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3.3 Electrochemical plating (ECP)
Electrochemical plating (ECP) is an attractive deposition method for Cu not
available for W or Al interconnects [60].  ECP is highly cost-effective although it
requires deposition of a thin seed layer prior to plating.  As shown in section 2.1,
electromigration studies have reported that ECP Cu performs more than an order of
magnitude better than its PVD and CVD counterparts.
The seed layer is essential ECP as it functions as a low resistance conductor
for the plating current from a contact at the wafer edge to all points on the wafer
where a deposit is desired.   It also serves as an underlayer to facilitate the nucleation
of Cu(111), preferential for good electromigration performance.
In the absence of secondary reactions, the current delivered to a conductive
surface during ECP is directly proportional to the quantity of metal deposited.  This
relationship is expressed through Faraday’s law of electrolysis:
I current density (A/cm2)
F Faraday’s constant (96487 C/mole)
r rate of reaction (mole/cm2s)
n moles of electrons transferred
In the absence of an external applied potential, equilibrium potential is
maintained between the electrolyte and metal.  However, the application of an
external power source shifts the system away from equilibrium potential and drives a
rnFI = (3.1)
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current across the interface.  The current-potential curve typical of Cu ECP deposition
is shown in Fig. 3.3.
As the potential is increased from equilibrium potential, the current increases
exponentially.  In this regime, the reaction rate is dominated by the charge transfer or
reaction rate kinetics at the cathode.  Uniform potential across the wafer surface must
be maintained due to the strong dependence of current density on potential.  Further
increase in potential brings the system to the mass transfer limited regime and a
limiting current plateau is encountered.  Deposition in this regime leads to undesirable
cusp formation and subconformal step coverage.
Damascene plating involves deposition of the seed layer over a patterned
material (insulator).  The plated metal covers the entire wafer surface and excess











Fig. 3.3 Profile evolution of current density with increasing
electrode potential.
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metal is removed by chemical mechanical polishing.  In dual damascene via and
trench are filled simultaneously.
A critical criterion in Cu ECP is the ability to provide void-free and seamless
deposits in all features.  In conformal plating, a deposit of equal thickness at all points
of a feature creates a seam.  Gap-fill is worsened if the shape of the feature is re-
entrant, thus resulting in void formation.  Subconformal plating leads to void
formation even in straight-walled features.  Depletion of the cupric ion within the
feature results in current overpotentials outside the feature.  Thus, current flow is
enhanced and deposition rate is increased externally.  In particular, the current density
follows the electric field lines, which in general, are drawn to sharp corners.  This
accelerates deposition rates at upper corners of the feature.
Thus, for defect free filling, it is essential to maintain a higher deposition rate
at the feature bottom and avoid cupric ion depletion within the feature.  This can be
achieved by controlling the bath chemistry and the associated plating mechanism
through the introduction of plating additives.
The electrolyte used in Cu ECP baths mainly consists of copper sulphate and
sulphuric acid.  Sulphuric acid increases the conductivity of the bath and improves
wetting and oxide dissolution on the seed surface.  Organic additives used in Cu ECP
can be grouped into three basic categories, namely, accelerators, suppressers and
levellers.
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Accelerator molecules contain pendant sulphur atoms (e.g. organic mercapto
species) that adsorb onto the surface and are able to locally increase the current at a
given voltage.  Accelerators are present in plating baths at concentrations of 1-25
ppm.
Suppressers are polymeric molecules such as polyethylene glycol which, when
used in the presence of chloride ions, forms a current-suppressing film on the entire
wafer surface.  Suppressers are available in high concentrations (200-2000 ppm) to
ensure uniform concentration at the interface, independent of diffusion rate.
Similarly, levellers are current suppressing molecules but are present in low
concentrations.  Therefore, their presence at the interface is mass transfer dependent.
Isolated locations within the feature where mass transfer is limiting is less suppressed
while protruding surfaces and corners are more suppressed.  Thus, levellers promote
the deposition of a smooth surface.
Initial immersion of the wafer into the plating bath results in a momentary
concentration gradient of accelerating and suppressing species between the field and
the internal features.  As the adsorbed mercapto species is neither incorporated into
the deposit nor desorbed into solution, accumulation of mercapto accelerators within
the features with decreasing surface area occurs as plating progresses.  Consequently,
deposition rate at geometrically concentrated area within the feature is enhanced.  In
addition, the displacement of chloride ions from the feature results in poor adsorption
of the suppressor polymer.  Hence, bottom-up fill (superfilling) is effectively
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achieved.  Figure 3.4 depicts the profile evolution under the three different gap-fill
conditions used in damascene electrochemical plating.
Fig. 3.4 A schematic representation of the profile evolution in copper
damascene electrochemical plating.
Initial profile Final profile
subconformal void
conformal seam
bottom-up fill gap-free fill
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The experimental scheme is split into two main components.  Firstly,
experiments were designed to study and compare the deposition, physical
characteristics and interactions of α-Ta on Cu.  Secondly, experiments to evaluate the
performance of the NH3 plasma treatment on Cu/Si3N4 interface were performed.
Thus, the film stacks used in both studies are presented.
Topographic and morphological analytical techniques used include atomic
force microscopy (AFM) and scanning electron microscopy (SEM).  Crystal structure
analysis was performed with x-ray diffraction (XRD) and electron diffraction (ED).
Film integrity analysis was accomplished using high-resolution transmission electron
microscopy (HRTEM), secondary ion mass spectroscopy (SIMS), Rutherford
backscattering spectroscopy (RBS) and x-ray photoelectron spectroscopy (XPS).  The
theory behind common analytical tools such as AFM, XRD, ED, HRTEM, SIMS,
RBS and XPS can be found in detail elsewhere [61].  Here, the concept behind the
modified edge lift-off test (MELT), is used to quantify adhesion strength of an
interface, is introduced.
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4.1 Alpha Ta characterisation
A 2.5 kÅ thick fluorinated silicon dioxide (FTEOS) was deposited on Si
substrate using PECVD with tetraethyorthosilicate (TEOS) and fluorine (F2)
precursors at ~400°C.  Subsequently, 250 Å Ta, 1.5 kÅ Cu and 250 Å Ta were
deposited in succession with ionised metal plasma PVD (IMP-PVD) technique.  The
“standard” (100°C<T<200°C) and “cooled” (25°C<T<50°C) conditions were
employed for the second Ta deposition.
A second set of samples was similarly deposited with the standard and cooled
processes.  However, the composition of the Cu layer was 1.5 kÅ IMP-PVD Cu
seed/4.5 kÅ ECP-CMP Cu.  In particular, treatment with hydrogen (H2) gas plasma
was conducted prior to Ta deposition for half of the samples.
The deposition of Ta on Cu is an essential feature in dual damascene
interconnects scheme where the Ta film overlaid on Cu at the via bottom.  A general
depiction of the above schemes and the relation to dual damascene metallization is











Fig 4.1 A schematic representation of the experimental scheme for alpha
tantalum characterization.
Cu dual damascene
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4.2  Cu/Si3N4 interface characterisation
A 5 kÅ thick FTEOS was deposited on Si substrate using PECVD with TEOS
and F2 precursors at ~400°C.  300 Å Ta was deposited with IMP-PVD at 100-200°C.
This was followed by a Cu layer composed of 1.5 kÅ IMP-PVD Cu seed/4.5 kÅ ECP-
CMP Cu.  Finally, 500 Å Si3N4 cap layer was deposited using PECVD with silane
(SiH4) and ammonia (NH3) precursors with 0 s, 10 s and 15 s NH3 plasma pre-
treatment at ~400°C.  The above scheme and its relation to dual damascene










Fig 4.2 A schematic representation of the experimental scheme for copper-
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4.3 Modified edge lift-off test
The MELT method [62,63] for adhesion strength quantification is a measure
of the stored strain energy released when a crack propagates along an interface.
Delamination proceeds with the initiation of a crack at a processing defect and
consequent propagation along the weakest interface.  With appropriate multilayer
samples, the intricate film structure in microelectronic circuits can be simulated.
The MELT sample preparation involves applying a thick backing material
such as epoxy (h ~150-200 µm) with a low Young’s modulus (Ε).  The epoxy is cured
at ~180°C in air and cooled to room temperature.  Tensile stress (~27 MPa) in the
epoxy is generated through temperature variations due to its thermal expansion
mismatch with the silicon substrate.  It is assumed that the film stiffness of the epoxy
layer (Ε x h) is negligible compared to the rigid silicon substrate.  Thus, the film is
compliant to the substrate and the strain energy is believed to be wholly stored in the







Fig. 4.3 A schematic depiction of debonding in the modified edge lift-off
test (MELT).
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The steady-state energy release rate, or the debond energy of the interface, is
given by
Gss steady-state energy release rate or debond energy (MPa-m-1)
Ε Young’s modulus of the backing material (MPa)
σ tensile stress in the film (MPa)
h film thickness  (m)
The applied fracture stress intensity is defined by
Kc applied fracture stress intensity (MPa-m1/2)
Thus, combining equation (4.1) and (4.2) the debond energy of the interface is
Sample preparation and analysis in MELT is relatively simple.  However, this
analysis is destructive and samples cannot be reused.  Epoxy of thickness ~150-200
µm is applied to strips of wafer and cured at 180°C.  The strips are diced to obtain 1 x
1 cm2 pieces.  The dies are cooled in a cryostat chamber and cooled to a temperature
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The critical temperature of debonding and the initial location of delamination
are observed in-situ via a CCD camera.  With known stress-temperature behaviour of
the backing epoxy layer, the applied fracture stress intensity can be calculated.  Thus,
the steady-state energy release rate or debond energy of the interface can be
quantified.  For greater accuracy, six 1 x 1 cm2 pieces are cleaved from the same
sample.  The mean and standard deviation of the debond energy can be obtained.
Hence, the MELT analysis enables quantification of adhesion strength of an interface.
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Chapter 5
Formation of mixed phase α/β-tantalum on
“cool” copper template
5.1 Introduction
Tantalum (Ta) and its compounds such as tantalum nitride (TaN) and tantalum
silicon nitride (TaSiN) have attracted much attention to their role as copper
diffusion barriers.  A refractory material with high melting point (3020ºC), Ta is
capable of withstanding the temperatures in back-end-of-line operations (<500ºC)
and has high activation energies for grain boundary and lattice self-diffusion.  In
addition, Ta is relatively immiscible and thermodynamically stable with copper.
Thus, it could serve as a suitable candidate against copper diffusion.
In particular, body-centred-cubic α-Ta is a preferred choice, especially with its
significantly lower bulk resistivity (12-60 µΩ⋅cm) when compared to that of
metastable tetragonal β-Ta (170-210 µΩ⋅cm).  Traditionally, however, sputtered
tantalum preferentially nucleates and grows in the highly resistive tetragonal β-phase.
Hence, in this chapter, a novel synthetic scheme for sputtered α-Ta is presented.
Unlike the conventional wisdom in β→α conversion [37, 44-49], highly [110]-
oriented nanocrystalline α-Ta has been prepared successfully on "cool" Cu(111)
template at <50oC without any redundant underlayers or post-growth treatments.
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5.2 Experiment
A 250 nm thick SiO2 film was deposited on 8" silicon wafers using PECVD.
Subsequently, 150 nm Cu and 25 nm Ta were deposited in succession with ionised
PVD at "standard" (100oC<T<200oC) and "cool" (25oC<T<50oC) conditions for Ta
deposition.  Film composition was confirmed with EDX.  The Ta/Cu interface and
microstructure were examined by HRTEM (Philips FEI-CM200) while phase analysis
was performed with XRD (Shimadzu 6000) and electron diffraction (ED).  Ta film
integrity with thermal annealing was investigated with Rutherford backscattering
spectroscopy (RBS) and atomic force microscopy (AFM).  Similarly, 250 nm SiO2
thin films on Si were overlaid with 25 nm of Ta, TaN and Ta/TaN respectively to
serve as references.
Characterisation of the impact of the new deposition scheme on electrical
performance of the Cu interconnects was obtained through three different Ta
processing splits on patterned wafers: “standard” Ta process, “cool” Ta process, and a
Ta/TaN bilayer barrier.  The patterned wafers consist of dual damascene (DD)
structures, prepared according to 0.13µm technology design rule.  The line width was
0.2 µm and via diameter was 0.19 µm.  The DD structures were patterned on a film
stack of SiO2 and Si3N4.  Ionised PVD was used to deposit the three Ta-based barriers
and the Cu seed.  Cu inlay was achieved using ECP and surface planarization was
attained with CMP.
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5.3 Results
Fig. 5.1 shows the AFM micrographs of standard barrier (Ta, TaN and
Ta/TaN) deposited on (a)-(c) SiO2 and PVD Cu on (d)-(f) standard barrier (Ta, TaN
and Ta/TaN) underlayers respectively.
Preliminary results show that the grain sizes of the as-deposited barrier films
are similar, ranging between 20-40 nm.  The r.m.s. surface roughness of Ta, TaN and
Ta/TaN bilayer are 0.283 nm, 0.278 nm and 0.374 nm respectively.  In contrast, the
average grain sizes of the as-deposited PVD Cu seed on the barrier underlayers are
significantly larger at 90.38 nm, 90.55 nm and 124.03 nm respectively, with
corresponding r.m.s. surface roughness of 2.168 nm, 3.132 nm and 3.171 nm.
The higher surface roughness of Ta/TaN bilayer could be desirable for
promoting adhesion of the overlying Cu seed layer [50], noting that the top-most film
is α-phase Ta (Fig. 5.2).  In particular, the grain size of the resultant seed is also
increased, while its surface roughness is somewhat smoothened.  With a larger grain
size, conductivity of the seed layer is improved.  In addition, a smooth Cu seed yields
uniform electric potentials.  Hence, subsequent electroplating characteristics should
be enhanced.  It would thus appear that α-Ta formed through overlay on TaN may
possess desirable properties as a Cu diffusion barrier in dual damascene processing.
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Fig. 5.1 AFM micrographs of (a) Ta , (b) TaN, (c) Ta/TaN on SiO2 and
(d)-(f) Cu on Ta, TaN and Ta/TaN underlayers respectively.
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The XRD patterns in Fig. 5.2 show a comparison of the 2θ Bragg’s diffraction
angles from the standard processing of three tantalum based ionised PVD barriers,
namely Ta/TaN, TaN and Ta on SiO2/Si substrate.  In addition to the β-Ta(002) and
Si(400) peaks at 2θ 33.72º and 68.99º observed in all three film stacks, α-Ta(110) and
α-Ta(220) peaks at 38.51º and 82.55º emerged for Ta/TaN/SiO2/Si film stack.  Hence,
it is evident that in the standard process, α-Ta can only be deposited on SiO2/Si
substrate in the presence of a TaN underlayer.  Consequently, Fig. 5.2 reveals the
absence of α-Ta formation on SiO2 in the standard process (curve 3).  Therefore, the









Fig. 5.2 XRD patterns comparing various barrier depositions with
the “standard” process on SiO2. Curves (1)-(3) represents
Ta/TaN/SiO2/Si, TaN/SiO2/Si and Ta/SiO2/Si respectively.
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Fig. 5.3 compares the XRD patterns of Ta/SiO2/Si films deposited with the
standard (curve 2) and cool (curve 3) processes.  Only the Si(400) and β-Ta(002)
reflections at 2θ 68.99º and 33.72º emerged for both processes.  Thus, this further
elucidates that α-Ta cannot be formed on SiO2 underlayer with either process.
Fig. 5.4 compares the standard (curve 2) and cool (curve 3) processes for
Ta/Cu/SiO2/Si film stacks.  β-Ta(002), Cu(111), Cu(200) and Si(400) reflections at
33.72º, 43.3º, 50.43º and 68.99º are observed in both samples.  A strong Cu(111)








Fig. 5.3 XRD patterns comparing “standard” and “cool” processes
for Ta deposition on SiO2. Curves (1)-(3) represents reference
Ta/TaN/SiO2/Si, “standard” Ta/SiO2/Si and “cool” Ta/SiO2/Si
respectively.
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(200)).  In particular, while the standard method produces only β-Ta, a notable
increase in α-Ta population may be achieved with the cooler Cu substrate.  Moreover,
the α-Ta content in this film is almost equal to that prepared with the TaN underlayer
(i.e., Ta/TaN/SiO2/Si).  Furthermore, the resultant α-Ta is highly oriented along [110]
direction, which is evidenced in its (hh0) reflections (2θ = 38.51o and 82.55o).  In
addition, no α-Ta can be detected with SiO2 underlayer (Fig.5.3) prepared under the
exactly same conditions as those with Cu underlayers.  Thus, the formation of α-Ta
appears to be also template-specific.  Hence, a mixed α/β-Ta film may be achieved
with the cool process with Cu underlayer.
Fig. 5.4 XRD pattern comparing “standard” and “cool” processes
for Ta deposition on Cu. Curves (1)-(3) represents reference
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The above template effect in α-Ta formation is further elucidated with
HRTEM investigation.  The cross-sectional TEM images in Fig. 5.5 reveal clean
Ta/Cu interfaces with no visible interfacial diffusion or reaction.  The film thickness
of as-deposited Ta is 27.2 and 27.7 nm respectively with the standard (a) and cool (b)
processes.
In Fig. 5.6, the Cu(111) texture may be clearly observed from the lattice
fringes of d111 (2.2 Å), aligned parallel to the substrate [4].  A significant difference is
observed from the β-Ta crystallite grains in the overlayer.  The standard process
produced grains that are larger and randomly arranged (c = d001 = 5.3 Å, c/2 = d002 =
2.6 Å, d330 = 2.4 Å, [64,65]) as shown in Fig. 5.6a.  In contrast, the grains prepared by
the cool technique are much smaller and aligned parallel with the underlying Cu.
Moreover, the lattice fringes of both β-Ta (d002 = 2.6 Å) and α-Ta (d110 = 2.3 Å) are







Fig. 5.5 Film thickness on cross-sectional HRTEM micrograph for (a)
standard and (b) cool processes respectively.
(a) (b)
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The plan-views of the crystallite grains prepared by the two different methods
are displayed in Fig. 5.7.  In comparison to the large grains in Ta films prepared by
the standard method, the cool Cu template yields crystallites of uniform size, in the
range of 6-8 nm for both β- and α-Ta.
Based on the relative peak intensities/areas in the XRD patterns, the crystallite
populations of β-Ta and α-Ta are comparable.  Preliminary indexing of the ED
Cu Cu
Ta Ta
Fig. 5.6 Cross-sectional HRTEM micrograph for (a) standard and (b) cool
processes, note the randomised and the aligned Ta grains respectively.
(a) (b)
(a) (b)
Fig. 5.7 Plan-view HRTEM micrograph for (a) standard and (b) cool
processes, average grain size (a) ~25-45 nm (b) ~6-8 nm.
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micrograph is shown in Fig. 5.8.  The standard process produces defined rings,
characteristic of polycrystalline films.  Conversely, the cool process displays diffused
rings, characteristic of nanocrystalline/amorphous films.
The nanocrystalline mixed α/β-Ta film may prove beneficial in preventing Cu
diffusion [22].  As a reaffirmation, the aligned Ta crystallites give weaker ED rings
except for the (hh0)β and (hh0)α diffractions (central rings, Fig. 5.8b) because the
incident electron beam is essentially perpendicular to β-Ta(002) and α-Ta(110)
planes.
Fig. 5.9 (a) and (b) plots the probability of via chain (a chain of 200,000 vias)
and Kelvin via resistance respectively.  Ceteris paribus, three splits with different
barrier deposition processes were performed.  Curves (1)-(3) represents the cool Ta
process, Ta/TaN bi-layer process and standard Ta process respectively.  The nominal
thickness of the barriers was 25 nm with the bilayer thickness composed of 8 nm TaN















Fig. 5.8 Preliminary indices of ED micrograph for (a) standard and (b) cool
processes respectively.
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The cool technique in curve (1) gives the lowest via resistance among the
three splits, approximately 25% lower than that of the standard process.  Curve (2)
also shows a lower via resistance, as expected, since low resistivity α-Ta is overlaid
on TaN.  Moreover, the via resistance distribution for the cool process is comparable
to the standard process.  Thus, the cool process should not negatively impact the
electrical performance of the vias.
(a)
(b)
Fig. 5.9 Probability plots for (a) via chain and (b) Kelvin
via resistance respectively.  Curves (1)-(3) represents
cool, Ta/TaN bilayer and standard processes
respectively.
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Fig. 5.10 shows the via resistance box plot for the Ta splits performed on
device wafers with 6-layer Cu interconnects.  With the cool technique, the reduced via
chain resistance is again elucidated.  Similarly, the via resistance distribution for the
cool process is comparable or tighter than its standard counterpart.
Fig. 5.11 (a) and (b) show the cross-sectional TEM micrographs of typical vias
obtained by the standard and cool processes respectively.  The corresponding Ta via
bottom thickness was ~16.5 nm and 23.0 nm.  Although via bottom Ta film
resistance usually accounts for 50 - 60% of the total via resistance, the lower via
resistance in this case clearly cannot be attributed to Ta thickness variation.
The estimation of the via bottom Ta resistance was based on the 0.13µm
technology design rule, Ta and Cu film bulk resistivity, via aspect ratio (AR=
height/width) of 4, and measured via bottom Ta thickness.  The resistivity of the via
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processes respectively.  The significant reduction in resistivity (44%) may be
attributed the presence of nanocrystalline α-Ta in the latter process.
To further understand the impact of the cool technique in real processes, Ta
was deposited on electroplated Cu after planarization.  It is well known that the
oxidizing CMP slurry results in an oxidized Cu surface, which may hinder α-Ta
nucleation.  In particular, a second set of samples was prepared with reactive plasma
clean (RPC) of the CMP Cu surface using H2 plasma, prior to Ta deposition.
Fig. 5.12 shows the XRD pattern for the standard and cool process for Ta
deposited on CMP Cu.  Curves (1)-(2) represents the standard and cool processes for
Ta deposited on CMP Cu respectively.  Curves (3)-(4) represents the standard and
cool processes for Ta deposited on CMP Cu with H2 plasma treatment respectively.
Ta deposited with both processes on CMP Cu alone nucleates in the β-Ta(002) phase
with negligible α-phase formation.  While the standard process with RPC treatment
similarly nucleates Ta only in β-Ta(002) phase, a substantial proportion of Ta
(a)
via bottom standard Ta
(b)
via bottom cool Ta
Fig. 5.11 Cross-sectional TEM micrograph of typical via for (a) standard
and (b) cool processes respectively.
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nucleated in the α-Ta(110) phase with the cool technique.  Hence, the dependence of
α-Ta formation on both template and temperature is again established.
In-depth study of the failure characteristics of the mixed phased α/β-Ta film is
beyond the scope of the present thesis.  Nonetheless, it would be prudent to have
some basic understanding of the thermal stability of this film. Thus, to study the film









Fig. 5.12 XRD patterns of Ta deposited on CMP Cu.  Curves
(1)-(2) represents standard and cool processes without RCP
respectively.  Curves (3)-(4) represents standard and cool
processes with RCP respectively.
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Ta/Cu/SiO2/Si film stack prepared with the cool process was annealed for 2 hr at
400°C, 600°C and 800°C.
The film morphology before and after anneal are shown in Fig. 5.13.  The
AFM micrographs represent (a) as-deposited, (b) 400°C, (c) 600°C and (d) 800°C
anneals respectively.  The average r.m.s. surface roughness of the as-deposited film is
0.356 nm.  This is increased with annealing temperature from 0.76 nm at 400°C, 1.84
nm at 600°C and finally to 4.42 nm at 800°C.
(a) (b)
(c) (d)
Fig. 5.13 AFM film morphology transformation of mixed phase α/β-Ta film
with 2 hr anneal in N2 ambient.  Micrographs (a)-(d) represent the as-deposited,
400°C, 600°C and 800°C anneals respectively.
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Noticeably, pitting of the film is observed at 400°C.  Serious pitting is evident
at 600°C, accompanied by possible film agglomeration.  At 800°C the formation of
large grains is observed, amongst obvious pits.
 Thermal stability of the films was investigated by RBS.  Two sets of samples
were prepared.  The samples were deposited with a film stack of β-Ta/PVD Cu/β-Ta
or α/β-Ta/PVD Cu/β-Ta on SiO2/Si substrates respectively, with the cool process used
for deposition of Ta overlayer on the latter.  The Cu film was thus sandwiched
between the Ta films with an underlying β-phase Ta film and either β-phase or mixed
α-/β-phase Ta film on top.  The samples were annealed 400ºC, 600ºC and 800ºC for 2
hr in N2 ambient.  The interfacial diffusions between the Cu film and top Ta film were
compared.
It was found that there was no apparent interfacial diffusion for the samples
annealed at 400ºC and 600ºC since their RBS spectra were almost identical to the
reference samples.   Fig. 5.14(a) shows the typical RBS spectra of the samples
annealed at ≤ 600ºC.  The integrity of the Ta and the Cu layers are clearly preserved
as observed from the individual Ta and Cu peaks.  Thus, β-Ta and mixed α-/β-Ta
copper barriers can withstand temperatures up to 600ºC.
The RBS spectra for 800ºC anneal are shown in Fig. 5.14(b).  Curve (1)
represents the β-Ta/PVD Cu/β-Ta structure while curve (2) represents the mixed α/β-
Ta/PVD Cu/ β-Ta structure.  From curve (1), the observed extended footing at low
energy region of Ta is accompanied by reduced height of the Ta peaks.  In addition,
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the expanded Cu spectrum at its high-energy end indicates severe interdiffusion
between the β-Ta and the Cu layers.
Interestingly, the Ta and Cu peaks in curve (2), although somewhat broadened,
remain largely intact, indicating insignificant interdiffusion between layers.  Thus, the
apparent film agglomeration with increasing anneal temperature (Fig. 5.13) appears to
be confined within the Ta overlayer.  As temperatures approach ~½ Tm(Ta) (melting
point of Ta), the Ta atoms gain sufficient energy for intra-atomic diffusion, giving rise
to agglomeration of the material.  The formation of large grains at 800ºC could be a
result of increased β→α phase transformation [45-47,66].  Thus, the mixed α-/β-Ta
film appears to possess a higher thermal stability as compared to pure β-Ta films [31].
(a) (b)
Fig. 5.14 (a) Typical RBS spectra for anneal ≤600°C. (b) RBS spectra
for anneal at 800°C.  Curves (1) and (2) represents β-Ta/PVD Cu/β-Ta
and mixed α/β-Ta/PVD Cu/ β-Ta structure on Si/SiO2 substrate
respectively.
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5.4 Discussion
From the results of the preceding section, it is evident that the formation of
highly oriented α-Ta is essentially dependent on the template effect of Cu(111)
texture.  This suggests that some form of lattice coherence should exist between the
α-Ta(110) and Cu(111) planes such that the <111> direction of Cu can facilitate
nucleation of the <110> direction of α-Ta.
Fig. 5.15 depicts (a) the extended (111) plane of face-centered-cubic (fcc) Cu
and (b) the extended (110) plane of body-centered-cubic (bcc) α-Ta respectively.  The
(111) surface of fcc Cu (S.G. Fm3m) has an atomic arrangement with 3-fold
symmetry.  In particular, the extended plane consists of a symmetric hexagonal array
of Cu atoms (apparent 6-fold symmetry).  On the other hand, the (110) plane of bcc
Ta (S.G. Im3m) consists of a five-atom arrangement of Ta with rectangular
symmetry.  However, the surface co-ordination of each individual atom is quite close
to hexagonal.
(a) fcc-Cu(111) (b) bcc-Ta(110)
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Fig. 5.16 depicts (a) the β-Ta unit cell and (b) the (002) plane of β-Ta
respectively.  β-Ta crystallizes in the beta-uranium tetragonal structure (S.G.
P42/mnm).  However, at an elevation of z/c = 0 and z/c = 0.5 i.e. the (001) and (002)
surfaces respectively, the Ta atoms are arranged in a pseudohexagonal array.
It has been well known that Cu can be preferentially grown along <111>
direction on a β-Ta(002) underlayer with a lattice mismatch of about 7.6% [4].  As
shown in Fig. 5.17, heating will reduce this lattice mismatch and promote the growth
of β-Ta(002), as normally observed for the standard process. However, with the low-
temperature approach, the growth of large β-Ta crystallites is suppressed because the
lattice mismatch approaches 7.6%.
β-Ta z/c = 0
β-Ta z/c = 1/2
β-Ta z/c = 1/4, 3/4




Fig. 5.16 Tetragonal Ta: (a) β-Ta unit cell and (b) β-Ta(002) respectively.
Note the pseudohexagonal arrangement in the latter.
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The lattice mismatch between α-Ta(110) and Cu(111) may be as large as
11.4% (the nearest distance between two metal (either Ta or Cu) atoms).
Nevertheless, as the β-Ta growth is retarded by reduced temperature, the pseudo-
hexagonal epitaxial growth of α-Ta(110) on the [111]-textured Cu would become
competitive (Fig. 5.18).  Furthermore, the planar atomic density of α-Ta(110) (7.75
Å2/Ta) is higher than that of β-Ta(002) (9.46 Å2/Ta).  The resultant α-Ta(110) surface
may possess lower surface free energy, thus providing a supplementary driving force
for α-Ta  nucleation.  It is hence plausible that the growth of α-Ta(110) on Cu(111) is
promoted by the lower temperature and higher planar atomic density.
Fig. 5.17 A schematic representation of the pseudo-








Fig. 5.18 A schematic representation of the pseudo-heteroepitaxial
growth of α-Ta(110) on Cu(111) with low-temperature technique.
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5.5 Conclusion
A novel synthetic scheme for α-Ta has been presented.  Unlike the common
wisdom in β→α conversion, highly [110]-oriented nanocrystalline α-Ta may be
prepared successfully on "cool" Cu(111) template at <50oC without any redundant
underlayers or post-growth treatments.
XRD analysis established the formation of α-Ta(110) TaN underlayers or
PVD Cu underlayers with the cool technique.  In addition, no α-Ta phase was
observed for SiO2 or CMP Cu underlayers with either process.  In particular, H2 RPC
effectively removes surface oxidation on CMP Cu for α-Ta nucleation.  Thus, the
XRD results elucidate the importance of the template effect of pure Cu on α-Ta
growth.
HRTEM micrographs revealed clean as-deposited Ta/Cu interface with no
indication of intermetallic diffusion.  The standard process produced large (~25-45
nm) randomised grains (d001 = 5.3 Å, c/2 = d002 = 2.6 Å, d330 = 2.4 Å).  On the other
hand, the cool technique produced uniform nanocrystallites (~6-8 nm), with grains
(both β-Ta (d002 = 2.6 Å) and α-Ta (d110 = 2.3 Å)) aligned parallel to the Cu(111)
underlayer.  ED micrographs further elucidated the presence of both β-Ta and α-Ta in
the latter process, characterised by the strong (hh0)β and (hh0)α diffractions,
perpendicular to the incident electron beam.
Hence, in contrast to the conventional methods of α-Ta deposition, a low-
temperature, Cu template approach has been demonstrated.  The resultant film
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possesses nanocrystalline properties that may enhance its Cu diffusion barrier
capability [22].
In excellent agreement with the above results, electrical resistivity
measurements indicate a significant reduction (~44%) in Ta film resistivity from 186
µΩ⋅cm to 104 µΩ⋅cm independent of film thickness variations.  Moreover, via
resistance distribution of the cool process is comparable, if not tighter, than the
standard process.
In addition, preliminary thermal stability analysis using AFM and RBS
suggest that the mixed phase α/β-Ta film maintains its integrity above 600ºC.  In
particular, interdiffusion of this film with Cu underlayer is negligible up to 800ºC
unlike its β-Ta counterpart.  Thus, the new process is capable of producing a mixed
phase α/β-Ta film with comparable thermal stability performance.
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Chapter 6
Adhesion improvement of copper-silicon nitride
interface with ammonia plasma treatment
6.1 Introduction
Copper oxidises at temperatures significantly lower (<200ºC) than back-end-
of-line (BEOL) processing temperatures (<400ºC).  This oxide formation reduces the
low resistivity benefits of Cu metallization.  In addition, the impurities introduced
onto the surface weakens the adhesion characteristic of the subsequent dielectric film
to the Cu substrate, thus resulting in poor Cu interconnect reliability [67-69].
Furthermore, the peroxide-based (H2O2) slurry used in Cu chemical mechanical
polishing (CMP) aggravates the undesirable oxidative process [71].
In advanced copper dual damascene metallization, Cu is often encapsulated by
silicon nitride (Si3N4) after Cu CMP. Si3N4 is used both as a hard mask for dual
damascene patterning and as a passivation layer to protect the underlying Cu (Fig.
6.1).  Thus, to maintain the overall benefits of Cu metallization, it is critical to remove
the oxidised copper along the Cu-Si3N4 interface.
It has been reported that in-situ NH3 plasma treatment of the Cu surface
preceding Si3N4 deposition improves the electromigration characteristic of the Cu
interconnect [54, 71].  However, analysis of the actual physical and chemical
phenomena of the NH3 plasma treatment has been, thus far, limited.  Hence, in this
chapter, the physical and chemical interactions occurring at the Cu-Si3N4 interface,
with introduction of NH3 plasma treatment will be examined.
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Fig 6.1 Schematic representation of Si3N4 used as passivation and hard
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6.2 Experiment
500 nm of oxide was deposited by chemical vapour deposition (CVD) on 8"
silicon wafers.  30 nm of tantalum (Ta) liner and 15 nm of Cu seed were subsequently
deposited by physical vapour deposition (PVD).  1000 nm of Cu was electroplated
followed by the removal of 500 nm Cu by CMP using commercial peroxide-based
slurry.  In-situ NH3 plasma treatment of 0, 10 and 15 seconds was performed on the
CMP-Cu surface prior to the deposition of 50 nm CVD Si3N4.
X-SEM (Philips XL30s FEG SEM) was used to locate the failure site in the
preliminary electromigration test.  Modified edge lift-off test (MELT) was employed
to quantify the relative adhesive strength of the Cu-Si3N4 interface with different NH3
plasma treatment duration.  Similarly, SIMS with Cs+ (5.5 keV) primary ion source
was used to compare the relative levels of oxygen at the Cu-Si3N4 interface.  XPS,
using the Al-Kα (1486.71 eV) excitation source, with Ar etch depth profiling to locate
the interface, was used to identify and qualitatively compare the types of oxygenated
bonds present at the interface.  Curve fitting of the XPS spectra was performed on
XPSPEAK41.
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6.3 Results
Preliminary via electromigration data of 0.13 µm Cu interconnect shows
~30% premature failure, constituting a bi-modal distribution behaviour in the t50 log-
normal plot [71].  Cross-sectional SEM data on the failure site reveals Cu voids
formed preferentially along the copper-silicon nitride (Cu-Si3N4) interface with the
via remaining intact (Fig. 6.2).  Hence, the early failure may be attributed to poor Cu-
Si3N4 interface integrity.  Introduction of prolonged in-situ ammonia (NH3) plasma
treatment process on Cu eliminated the early failure, improving the both EM
activation energy (Ea) and its standard deviation (σ) to a satisfactory level of ~1.0 eV
and 0.5 eV respectively.  This suggests that plasma treatment enhance the Cu-Si3N4
interface integrity.
Fig. 6.2 XSEM of typical 0.13 µm interconnect electromigration test
sample.  Note void formation at Cu-Si3N4 interface on left and perfect
via on right of image.
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A comparison of the adhesive strength of various dual damascene material
interfaces is presented in Fig. 6.3.  The dielectric used in the film structures was
fluoro-tetraethylorthosilicate (FTEOS), a fluorinated SiO2 film with k≈2.8.  The film
structures include barrier (Ta, TaN or Ta/TaN)/FTEOS/Si, Cu/barrier/FTEOS/Si,
Si3N4/barrier/FTEOS/Si and Si3N4/Cu(with 0 s, 10 s or 15 s NH3 plasma
treatment)/barrier/FTEOS/Si.  Notably, the Cu-Si3N4 interface appears to be among
the weakest in the set of structures.
Fig. 6.4 presents the MELT data for the NH3 plasma treatment duration of 0,
10 and 15 seconds.  The adhesion strength (or the debond energy) of the interface is
characterised by the applied fracture stress intensity (Kapp) [63].  The corresponding
mean Kapps are 0.248 Mpa-m1/2, 0.254 Mpa-m1/2 and 0.277 Mpa-m1/2 respectively.
Thus, with increasing NH3 plasma treatment duration, a gradual increase in Kapp is
Fig. 6.3 MELT comparison of adhesive strength of the various dual damascene materials
interfaces.  Barrier metal includes Ta, TaN or Ta/TaN.
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observed.  This further elucidates the improvement of the adhesion strength, and thus
the integrity, of the Cu-Si3N4 interface with prolonged plasma treatment.
Fig. 6.5(a)-(c) shows the SIMS depth profiles for the Si3N4/Cu/Ta/SiO2/Si film
stack with plasma treatment times of 0 s, 10 s and 15 s respectively.  The spike in
oxygen signal at the beginning of the analysis may be attributed to oxygen adsorption
on the sample surface (surface oxygen).  Significantly, there is a clear indication of
elevated oxygen concentration at the Cu-Si3N4 interface for all samples.  This
intensification suggests the presence of oxygenated bonds at the interface, which






Fig. 6.4 Plot of applied fracture stress intensity versus plasma treatment time.
Inset: Box plot representation.
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Fig. 6.5 SIMS depth profiles for the Si3N4/Cu/Ta/SiO2/Si
film stack with plasma treatment times of (a) 0s, (b) 10s and
(c) 15s respectively.
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Fig. 6.6 plots the normalised SIMS oxygen depth profile for the three plasma
treatment times.  The surface oxygen signal in Fig. 6.5 is truncated from this plot.
The oxygen peak is evident at the Cu-Si3N4 interface.  Interestingly, with prolonged
NH3 plasma exposure, a significant decrease in interfacial oxygen intensity is
observed.  Hence, a possible reduction reaction, which partially removes the
entrapped oxygen impurity, could have occurred in the NH3 plasma environment.
Prior to data analysis of the Cu 2p3/2 XPS spectra and Cu L3M45M45 Auger
spectra, depth profiling of the XPS wide scan spectrum was obtained with Ar
sputtering.  Curves (1)-(4) in Fig. 6.7 represent XPS wide scan binding energy spectra
for 0 min, 10 min, 20 min and 30 min Ar sputter etch respectively.  The O 1s signal at
~530 eV was most pronounced around 0 min and 20 min while the Cu 2p3/2 at ~928
eV appeared only at 20 min Ar sputtering.  Thus, these two regions represent the
surface oxygen preceding Ar sputtering and the interfacial oxygen respectively.  This
Fig. 6.6 SIMS oxygen depth profile for 0s, 10s and 15s NH3 plasma
treatment.
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further substantiates the presence of elevated oxygen concentrations at the Cu-Si3N4
interface.  The results from the depth profiling, which enabled accurate location of the
interface, are utilised in the subsequent analyses.
The sputtered Cu-Si3N4 interfacial region can be characterised into distinctive
zones (Fig. 6.8).  Zone 1 defines the interface between CuOx-Si3N4 (20 min sputter),
zone 2 the sub-surface interfacial region i.e. bulk CuOx (22 min sputter) and zone 3
the Cu-CuOx interface (24 min sputter).
Fig. 6.7 XPS wide scan binding energy spectra for (1) 0 min,








Fig 6.8 Depiction of characteristic interfacial zones.  Zones (1)-(3) represents
the CuOx-Si3N4 interface (20 min sputter), bulk CuOx (22 min sputter) and
Cu-CuOx interface (24 min sputter) respectively.
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Table 6.1 is a compilation of the pertinent reference Cu 2p3/2 binding energy,
peak width and Auger Cu L3M45M45 transition energy of Cu, CuO, Cu2O and
Cu(OH)2 used in the following discussion.
State Cu
0 CuO Cu2O Cu(OH)2
Binding Energy (eV) 932.7 933.7 932.2 935.1
Peak width (eV) 0.7-1.2 1.4 1.1-1.3 -
Auger LMM (eV) 568 568.5 570.4 570.5
Table 6.2 compiles the Cu 2p3/2 binding energy of Cu, CuO, Cu2O and
Cu(OH)2 as obtained in the analysis.  The peak widths at full width half maximum
(FWHM) for Cu0, CuO, Cu2O and Cu(OH)2 were 1.00, 1.20, 1.25 and 1.20 eV
respectively.
Table 6.1 Compilation of the pertinent Cu 2p3/2 photoelectron
binding energy and Auger Cu L3M45M45 transition energies [70,72-















0 932.9 933.5 931.9 934.6
10 932.7 933.5 932.1 934.720
15 932.8 933.5 932.1 934.7
0 932.8 933.5 931.9 934.7
10 932.9 933.4 932.0 934.522
15 932.8 933.6 932.0 934.8
0 932.9 933.4 931.9 934.6
10 932.9 933.6 932.1 934.624
15 932.8 933.6 931.9 934.6
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The Cu 2p3/2 photoelectron spectra are shown in Fig. 6.9-6.11, for Ar sputter
times of 20 min (zone 1: CuOx-Si3N4), 22 min (zone 2: bulk CuOx) and 24 min (zone
3: Cu-CuOx interface) respectively.  It is evident from the analyses of the Cu 2p3/2
photoelectron spectra that the primary oxygenated species along the Cu-Si3N4
interface are CuO (curve 2), Cu2O (curve 3) and Cu(OH)2 (curve 4).  In particular,
while CuO is present as the predominant oxygenated species with widely varying
proportions in all samples for all plasma treatment duration, Cu2O and Cu(OH)2 are
found in stable, minute quantities.
The chemical interactions at the CuOx-Si3N4 interface or zone 1 is defined by
Fig. 6.9.  Plots (a)-(c) represent 0 s, 10 s and 15 s plasma treatments respectively.
Significant broadening of the envelope curve is observed from 0 s to 10 s plasma
treatment.  This is a noted anomaly, as compared to the spectra for zones 2 and 3 (Fig.
6.10-6.11 respectively), which will be discussed subsequently.  The peak width is
reduced with further increase in plasma treatment time.  These observations are
succeeded by the decrease in Cu0 fraction (curve 1) from 0 s to 10 s plasma treatment
and a complementary increase in CuO fraction (curve 2).  This trend is reversed with
extended plasma treatment.
The bulk CuOx region or zone 2 in Fig. 6.10 shows a substantial fraction of
CuO present for both 0 s and 10 s plasma treatment (plots (a) and (b) respectively).  A
broad envelope peak is observed with an accompanying shoulder at the high binding
energy end with 0 s plasma treatment.  However, with increasing plasma treatment,
the peak width is gradually reduced.  A concurrent increase in Cu0 and decrease in
CuO peak intensities is detected (plot (c)).
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    Similarly, in the Cu-CuOx interface or zone 3, CuO is present in comparable
proportion with Cu0 in the broad envelope curve at plasma treatment duration of 0 s
(Fig. 6.11, plot (a)).  With increasing plasma treatment, the envelope curve width is
reduced and the Cu0 peak begins to predominate by 10 s plasma treatment (plot (b))
and remains dominant with 15 s plasma treatment (plot (c)).
Analysis performed on the Cu L3M45M45 Auger transition energy spectra (Fig.
6.12) shows a weak peak centred around 570.4 eV [70, 72, 73], verifying the presence
of Cu2O and Cu(OH)2, albeit in minute quantities.  The broad peak spanning both Cu
and CuO peak positions establishes the presence of both species in significant
quantities.  In addition, there is a gradual peak shift towards 568 eV [70, 72-74], with
increasing plasma treatment time, which suggests the reduction of the oxides to pure
copper.
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Fig. 6.9 Cu 2p3/2 photoelectron spectra for CuOx-
Si3N4 interface or zone 1 (20 min Ar sputter). (a) 0
s, (b) 10 s and (c) 15 s plasma treatment.  (1)Cu0,
(2) CuO, (3) Cu2O, (4) Cu(OH)2, (5) fitted curve
and (6) Shirley background.  Raw data denoted by
‘o’.
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Fig. 6.10 Cu 2p3/2 photoelectron spectra for bulk
CuOx or zone 2 (22 min Ar sputter). (a) 0 s, (b) 10 s
and (c) 15 s plasma treatment. (1)Cu0, (2) CuO, (3)
Cu2O, (4) Cu(OH)2, (5) fitted curve and (6) Shirley
background.  Raw data denoted by ‘o’.
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Fig. 6.11 Cu 2p3/2 photoelectron spectra Cu-CuOx
interface or zone 3 (24 min Ar sputter). (a) 0 s, (b)
10 s and (c) 15 s plasma treatment. (1)Cu0, (2) CuO,
(3) Cu2O, (4) Cu(OH)2, (5) fitted curve and (6)
Shirley background.  Raw data denoted by ‘o’.
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Fig. 6.12 Cu Auger L3M45M45 transition energy
spectra at (a) zone 1 (20 min Ar sputter), (b) zone 2
(22 min Ar sputter) and (c) zone 3 (24 min Ar
sputter).  Curves (1)-(3) represent 0 s, 10 s and 15 s
plasma treatment respectively.
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To better comprehend the observations in the Cu 2p3/2 photoelectron spectra,
further analysis of the relative areal fractions of Cu0 and CuO are presented in Fig.
6.13 and 6.14 respectively.  While the areal fractions of Cu2O and Cu(OH)2 remained
largely unchanged (<0.1), interesting variations for both Cu0 and CuO are observed.
In general, the Cu0 areal fraction increases with plasma treatment duration.
Conversely, the areal fraction of CuO decreases.  This indicates a possible reduction
of the CuO to Cu0 with prolonged NH3 plasma treatment.
A similar trend is observed with increasing Ar sputter, from zone 1 (CuOx-
Si3N4 interface) through zone 2 (bulk CuOx) towards zone 3 (Cu-CuOx interface),
with increasing Cu0 fraction and decreasing CuO fraction.  The above phenomenon is
most pronounced with 10 s plasma treatment as the Cu0 fraction somewhat saturates
in zones 2 and 3 for 0 s and 15 s treatment.
However, the anomaly observed with 0 s plasma treatment shows an
exceptionally high Cu0 areal fraction in zone 1 despite the absence of NH3 pre-
treatment.  In contrast, the Cu0 areal fraction of zones 2 and 3 remain lower for 0 s
treatment as compared to prolonged treatment times of 10 s and 15 s which is
expected as CuOx is reduced to Cu0.  Nevertheless, in the absence of NH3 plasma pre-
treatment of the surface during Si3N4 deposition, the CuOx surface could still be
exposed to an initial surface flux of NH3 plasma employed in Si3N4 deposition, albeit
momentarily.  Moreover, the CuOx top surface is furnished with grain boundaries that
promote the reduction process in an attempt to reduce surface free energy.  Thus, the
driving force for the anomaly could be attributed to the coupling of the initial surface
flux of NH3 plasma and the abundant grain boundaries at the CuOx surface.
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Fig. 6.13 Areal fraction of Cu0 at zones 1-3 (20, 22 and 24 min etch
respectively) for 0 s, 10 s and 15 s plasma treatment.
Fig. 6.14 Areal fraction of CuO at zones 1-3 (20, 22 and 24 min etch
respectively) for 0 s, 10 s and 15 s plasma treatment.
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6.4 Discussion
The reduction reactions of cupric and cuprous oxides by ammonia may be
represented by the following equations:
6CuO  +  2NH3   ⇋  3Cu2O  +  3H2O  +  N2          (6.1)
3Cu2O  +  2NH3  ⇋  6Cu  +  3H2O  +  N2          (6.2)
3CuO  +  2NH3   ⇋  3Cu  +  3H2O  +  N2          (6.3)
From the above equations, the reduction of CuOx to Cu may appear to occur
simultaneously.  However, we note the prevalence of Cu2O in minute, yet relatively
constant quantities throughout the plasma treatment duration.  This suggests that
Cu2O could be a stable intermediate species in the reduction of CuO to Cu.  Similarly,
as water is a by-product of all three reduction reactions, surface hydroxylation of Cu
is possible thus producing Cu(OH)2 throughout the plasma treatment process in
minute quantities.
Hence, one could postulate that the reduction of CuO to Cu occurs through a
two-step reaction, i.e. (1) + (2) = (3), while Cu(OH)2 is a by-product of the
accompanying hydroxylation reaction.  Moreover, although (1) and (2) are
competitive reactions, (2) could be the favoured reaction as no accumulation of Cu2O
is observed.  Dehydroxylation is also possible in the NH3 plasma ambient in the
presence of hydrogen radicals, thus no accumulation of Cu(OH)2 is observed.  Thus,
CuO is firstly reduced to Cu2O and, subsequently, the latter is further reduced to Cu
(i.e. Cu2+→Cu+→Cu0).
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The areal fraction of Cu0 increases as the areal fraction of CuO decreases with
both plasma treatment duration and depth.  With 15 s treatment, saturation of Cu0 in
zone 2 and 3 seems to occur.  This could signify that the plasma treatment process is
approaching equilibrium in the deep interfacial regions.  In particular, with 10 s
treatment, the increase in areal fraction of Cu0 with depth is significant, culminating at
the Cu-CuOx interface (zone 3).  Therefore, this could indicate that bulk Cu imparts a
possible catalytic effect on the reduction reaction.
CuOx (where x = 1 or 2) exists in two different crystallographic structures. The
atoms in tenorite CuO (monoclinic prismatic, S.G. C2/c) lattice has four nearest
neighbours of the other kind [75].  Cu atoms lie at the centre of an O rectangle while
the O atoms are situated at the centre of a distorted Cu tetrahedron [76].  On the other
hand, the Cu2O cuprite (isometric hexoctahedral, S.G. Pn3m) lattice structure is
highly symmetric, with six atoms per unit cell.  The O atoms form a body centred
cubic lattice with Cu occupying the vertices of a tetrahedron around each O atom
[76].
Fig. 6.15 depicts the top-view of the CuO tenorite and Cu2O cuprite structures
from which the CuOx film is contrived.  The alternating oxygen atoms are situated at
the (¼,¼,¼) and (¼,¼,¾) or their equivalent positions of both structures and are
thus embedded among the Cu atoms.
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It has been reported that Cu forms crystalline epitaxial passivation films via
nucleation, growth and coalescence of copper oxide islands [77, 78].  Unlike oxide
films grown via the classic Cabrera-Mott mechanism [79], CuOx films are especially
susceptible to microcracks and pinholes which presents ready diffusion paths for the
reducing species to penetrate into the film.  It is known that the transition metal oxide
phase at the metal-oxide interface exhibit a lower oxidation state as compared to the
bulk oxide.  Netzer [80] introduced the possibility of an electron donating effect of the
metallic surface, resulting in partial reduction of the neighbouring oxide.
Being a transition metal Cu should exhibit a similar penchant for electron
donation.  Hence, zone 3 (Cu-CuOx interface) offers an electron rich region which
facilitates the reduction reaction.  Moreover, the close proximity and ready
availability of free Cu atoms as adsorption sites for the reducing species further
increase the probability of reaction in this region.  The combination of these two
(a) Tenorite (CuO) (b) Cuprite (Cu2O)
Fig. 6.15 Top-view of (a) tenorite (CuO) and (b) cuprite (Cu2O) structures.
copper
oxygen
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characteristics may thus yield a Cu catalytic effect on the reaction.  Consequently, a
layer-by-layer, bottom-up (zones 1-3 in succession), Cu catalysed, reduction
mechanism of CuOx with NH3 plasma treatment is proposed.
Fig. 6.16-6.18 depicts the proposed model along an oxide layer with the
plasma generated NH2• and H• radicals, being the primary reducing species.  The
NH2• radicals are adsorbed onto the active Cu sites (free of bonding with O) and H•
remains attracted in the vicinity of the O atoms.  The plasma generation of NH2• and
H• may be represented by the following equation:
e- + NH3 → NH2• + H• + e-           (6.4)
In particular, the adsorption of NH2• on Cu is requisite to the catalytic nature
of the reaction.  It provides plausible explanations for both the bottom-up reduction
mechanism and the favouring of reaction (2) over (1).   For the former, the proximity
to a large reservoir of free active Cu adsorption sites at the Cu-CuOx interface (zone
3) increases the rate and probability of reaction in this region.  This is further
facilitated by the ease of diffusion through defects characteristic of non-passivating
CuOx films [77, 78].  This is in contrast to zones 1 and 2, which are far removed from
the bulk Cu (Fig 6.8).
In the latter, active Cu adsorption sites are readily available in the cuprite
(Cu2O) form of the oxide (Fig. 6.15(b)).  On the contrary, in the tenorite (CuO) form,
most of the Cu are deactivated sites due to bonding with O (Fig. 6.15(a)).
Consequently, NH2 radicals are readily adsorbed onto the cuprite Cu, thereby
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increasing the rate of reaction at the cuprite layer over tenorite.  The coupling of the
above effects results in bottom-up, layer-by-layer reduction of the CuOx film.
The reaction occurring at zone 3 is depicted in Fig. 6.16. For simplicity, it is
assumed that the oxide formed is already in the tenorite form (complete oxidation).  In
Fig. 6.16(a), 2 H• radicals are adsorbed on 2 O atoms while 2 NH2• radicals are
adsorbed onto adjacent active Cu atoms.  The active Cu atoms readily available on the
underlying bulk Cu at the Cu-CuOx interface, noting that the O atoms are present at
the (¼,¼,¾) position.
The interaction of NH2• with Cu results in the weakening of the N-H bonds.
Consequently, the H atoms interact attractively to the surrounding O atoms as the
adjacent N atoms interact similarly with one another.  These interactions result in the
(a) (b)
Symbols: Cu atom N atom O atom H atom
Adsorption Desorption
Fig. 6.16 Schematic representation of the reduction of tenorite (CuO)
with NH3 plasma in zone 3 (Cu-CuOx interface).  (a) Adsorption of H•
and NH2• radicals on O and underlying bulk active Cu respectively.
(b) Reduction of CuO with accompanying formation and desorption of
1 N2 and 3 H2O molecules.
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formation 1 molecule of N2 and 3 molecules of H2O at the Cu-CuOx interface.  The
product molecules are subsequently desorbed and diffuse back into the gas phase (Fig.
6.16(b)).
 The reduction of tenorite CuO to cuprite Cu2O in the above process frees
additional Cu adsorption sites Fig. 6.17.  Thus, reduction of Cu2O at zone 3 is further
facilitated. 2 H• radicals are adsorbed on 2 O atoms while 2 NH2• radicals are
adsorbed onto the ready supply of adjacent active Cu atoms at this layer or the
underlying Cu bulk (Fig. 6.17(a)).  These interactions remove another molecule of N2
and 3 molecules of H2O which are subsequently desorbed.  Consequently, the
successive reduction of CuO and Cu2O results in the formation of pure Cu0 at zone 3.
(b)
Symbols: Cu atom N atom O atom H atom
Adsorption Desorption
Fig. 6.17 Schematic representation of the reduction of cuprite (Cu2O)
with NH3 plasma in zone 3 (Cu-CuOx interface).  (a) Adsorption of H•
and NH2• radicals on O and active Cu respectively.  (b) Reduction of
Cu2O with accompanying formation and desorption of 1 N2 and 3 H2O
molecules.
(a)
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With the complete reduction of CuO to Cu in zone 3, the Cu-CuOx interface
(reaction front) is progressively shifted into zone 2 and ultimately into zone 1.  At
each layer in succession, the ready availability of active bulk Cu in the immediate
vicinity catalyses the reduction reaction, favouring it over the other layers.  Layer-by-
layer, bottom-up reduction of CuOx by NH3 plasma treatment (Fig. 6.18) via the 2-
step reaction Cu2+ → Cu+ → Cu0 is effectively achieved (Fig. 6.19).





Fig. 6.18 Schematic representation of the reduction mechanism of CuOx
with NH3 plasma treatment. Layer-by-layer, bottom-up reduction
represented by the progression of reaction front (Cu-CuOx interface)
from zone 3 through zone 2 to zone 1.
Fig. 6.19 Schematic representation of the reduction mechanism of CuOx
with NH3 plasma treatment.  Successive reduction of Cu2+ (tenorite) →
Cu+(cuprite)→ Cu0(fcc).
Symbols: Cu atom O atom
Cu2+ → Cu+ Cu+ → Cu0
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6.5 Conclusion
The attempt to comprehend the physical and chemical and physical
interactions at the Cu-Si3N4 interface established the benefits of NH3 plasma
treatment to the interfacial quality by its ability to reduce oxygen impurities.  MELT
results demonstrate an improvement in adhesion strength with increasing plasma
treatment.  SIMS analyses confirmed the elevated oxygen concentration at the Cu-
Si3N4 interface, which gradually decreases with increasing NH3 plasma treatment.
XPS analyses detailed the interface bonding at the interface, with CuO, Cu2O and
Cu(OH)2 as the primary oxygenated species at the interface.
Increasing plasma treatment exposure gradually reduces the CuOx to Cu.  With
Cu2O as the stable reaction intermediate and the reduction of Cu2O as the favoured
reaction, it is evident that CuO is reduced via a two-step reaction CuO → Cu2O →
Cu0, where each reaction occurs in succession.  A layer-by-layer, bottom-up (from the
Cu-CuOx interface to the surface region), reduction model is proposed for NH3
plasma treatment of CuOx, with the plasma generated NH2• and H• radicals being the
primary reducing species.
In addition, the catalytic nature of free active Cu0 is introduced whereby the
reducing NH2• species is activated via adsorption on the readily available Cu atoms in
the vicinity of the Cu-CuOx reaction front.  Moreover, the adsorption mechanism also
offers a plausible explanation for the favouring of Cu2O → Cu0 over Cu2O → CuO or
Cu→ Cu0.  Thus, a layer-by-layer, bottom-up (from zone 3 (Cu-CuOx interface),
through zone 2 (bulk CuOx), to zone 1 (CuOx-Si3N4 interface)) reduction of CuOx is
achieved with NH3 plasma treatment.
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The excitement of introducing a new material such as Cu to replace traditional
Al interconnects faces a variety of integration issues.  In particular, the rapid diffusion
of Cu through Si-based devices necessitates complete encapsulation of Cu
interconnects.  Electromigration and stress migration may lead to detrimental void
formation in interconnect lines or vias.  The above effects are further aggravated by
ineffective encapsulation of the Cu interconnect and weakened adhesion to its
surrounding dielectrics.
Thus, for effective Cu dual damascene integration, barrier materials should
possess thermodynamic stability, prevent interdiffusion, improve adhesion while
maintaining low contact resistance with its surrounding materials.  Amorphous or
nanocrystalline ternary barriers like Ta-Si-N [22-25] and impurity decorated barriers
such as WCx, TaCx [26,27] possess superior diffusion barrier capability.  However,
with the advancement in technology node, via dimensions correspondingly shrink.
Thus, the impact of the barrier resistance to the total interconnect resistance is
escalated.  Consequently, the high resistivity of these materials (~300-3000 µΩ⋅cm)
may impede their implementation in real devices until their resistivity or thickness can
be controlled reliably. The properties of refractory metal nitrides such as
microstructure and resistivity may be manipulated by adjusting the nitrogen content in
these materials [28-33].  For example, introduction of N at a low concentration of 5%
results in a minimised Ta(N) resistivity of 159 µΩ⋅cm.  In addition, gradual
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amorphization occurs with increased N content.  Unfortunately, the improved
diffusion barrier property is negated as film resistivity increases towards 380 µΩ⋅cm.
Implementation of the above barriers in real devices would require the ability
to manipulate both the microstructure and resistivity without degrading the
complementary property.  For enhanced performance, it is essential to find a low
resistance material complemented with effective diffusion barrier properties.  BCC
α-Ta appears to be a suitable candidate with both low resistivity (12-60 µΩ⋅cm)
[42,43] and comparable diffusion barrier properties due to its thermodynamic
stability with Cu [35-41].  Before, its implementation has been hindered, as no
direct method of deposition onto Cu substrates has been reported [44-47].
Therefore, in this work, a novel synthetic scheme for α-Ta has been presented.
Unlike the conventional wisdom in β→α conversion, highly [110]-oriented
nanocrystalline α-Ta has been prepared successfully on "cool" Cu(111) template at
<50oC without any redundant underlayers or post-growth treatments.
The formation of α-Ta(110) on TaN underlayers or PVD Cu underlayers with
the cool technique is verified with XRD analysis.  Moreover, α-Ta phase was not
observed for SiO2 or CMP Cu underlayers with either process.  However, the
application of H2 RPC to remove surface oxidation on CMP Cu facilitates α-Ta
nucleation.  Thus, the XRD results substantiate the importance of the template effect
of pure Cu on α-Ta growth.  HRTEM micrographs revealed clean as-deposited Ta/Cu
interface with no indication of intermetallic diffusion.  While the standard process
produced randomised grains, the cool technique produced uniform nanocrystallites
with grains aligned parallel to the Cu(111) underlayer.  ED micrographs further
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elucidated the presence of both β-Ta and α-Ta in the latter process as characterised by
the strong (hh0)β and (hh0)α diffractions, perpendicular to the incident electron beam.
In excellent agreement with the above results, electrical resistivity
measurements indicate a significant reduction (~44%) in Ta film resistivity from 186
µΩ⋅cm to 104 µΩ⋅cm independent of film thickness variations.  Moreover, via
resistance distribution of the cool process is comparable, if not tighter, than the
standard process.  Preliminary thermal stability studies using AFM and RBS suggest
that the mixed phase α/β-Ta film maintains its integrity above 600ºC.  In particular,
interdiffusion of this film with Cu underlayer is negligible up to 800ºC unlike its β-Ta
counterpart.
In contrast to the as-deposited polycrystalline β-Ta film, the mixed phase α/β-
Ta film is nanocrystalline by nature.  It is thus expected to exhibit superior diffusion
barrier properties.  Moreover, the film possesses an inherently low resistivity and
should provide low resistance contact in the via.  Nevertheless, it would be
advantageous to further study the thermal stability as well as the electromigration and
stress migration impact on real devices.  In addition, greater control of the substrate
conditions may enable film deposition with increasing α-Ta content, thus reducing
film resistivity beyond 104 µΩ⋅cm.  This would widen the process window for barrier
deposition by increasing allowable barrier thickness thus improving barrier capability.
Thin film adhesion properties are of significant importance to overall device
reliability.  The presence of interface impurities could weaken adhesion strength of
the contacting materials. Plasma treatment for interface adhesion enhancement and
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surface modification has been presented by various authors [54-57]. The presence of
Cu oxide provides a source of Cu ions that readily migrate.  Prior reports on NH3 and
H2 plasma treatment focused mainly on the physical phenomena that were observed.
Hence, in this thesis, the physiochemical interactions of NH3 plasma treatment on
partially oxidise Cu surface is investigated and the associated reaction mechanism
discussed.
In the effort to comprehend the physical and chemical interactions at the Cu-
Si3N4 interface, the advantages of NH3 plasma treatment in improving interfacial
quality through its ability to reduce oxygen impurities was established.  MELT results
indicate enhancement of the adhesion strength with increasing plasma treatment.
SIMS analyses demonstrate elevated oxygen concentration at the Cu-Si3N4 interface,
gradually decreasing with prolonged NH3 plasma treatment.  XPS analyses defined
the interface bonding, with CuO, Cu2O and Cu(OH)2 as the primary oxygenated
species present at the interfacial region.
CuOx is gradually reduced to Cu with increasing plasma exposure.  It is
apparent that CuO is reduced via a two-step reaction CuO → Cu2O → Cu0.  Cu2O is
present as the stable reaction intermediate.  Each reaction thus occurs in succession
with the reduction of Cu2O as the favoured reaction.  A layer-by-layer, bottom-up
(from the Cu-CuOx interface to the surface region), reduction model is proposed for
NH3 plasma treatment of CuOx, with the plasma generated NH2• and H• radicals
being the primary reducing species.
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Furthermore, the catalytic nature of free active Cu0 is presented.  It is proposed
that the reducing NH2• species activate via adsorption on the readily available Cu
atoms, in close proximity with the Cu-CuOx reaction front.  The catalytic effect is
further promoted with Cu providing a large reservoir of electrons for the reduction
reaction.  Moreover, the adsorption mechanism also offers a plausible explanation for
the favouring of Cu2O → Cu0 over Cu2O → CuO or Cu→ Cu0.  Thus, a layer-by-
layer, bottom-up (from zone 3 (Cu-CuOx interface), through zone 2 (bulk CuOx), to
zone 1 (CuOx-Si3N4 interface)) reduction of CuOx is achieved with NH3 plasma
treatment.
The above postulation of the CuOx reduction mechanism as derived from
results of MELT, SIMS and XPS, is largely intuitive.  Hence, future examination of
the process using analytical techniques such as solid-state nuclear magnetic resonance
(NMR) spectroscopy [81] may prove instructive in order to support the evolution of
the mechanism.
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